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ABSTRACT
We measure the ages, stellar masses, and star formation histories of z ∼ 6 galaxies,
observed within 1Gyr of the Big Bang. We use imaging from the Hubble Space Tele-
scope (HST) and the Spitzer Space Telescope from the public “Great Observatories
Origins Deep Survey” (GOODS), coupled with ground-based near-infrared imaging, to
measure their spectral energy distributions (SEDs) from 0.8−5µm, spanning the rest-
frame UV and optical. From our sample of ≈ 50 ‘i′-drop’ Lyman-break star-forming
galaxies in GOODS-South with z′AB < 27, we focus on ≈ 30 with reliable photomet-
ric or spectroscopic redshifts. Half of these are confused with foreground sources at
Spitzer resolution, but from the 16 with clean photometry we find that a surprisingly
large fraction (40%) have evidence for substantial Balmer/4000A˚ spectral breaks. This
indicates the presence of old underlying stellar populations that dominate the stellar
masses. For these objects, we find ages of ∼ 200− 700Myr, implying formation red-
shifts of 7 ≤ zf ≤ 18, and large stellar masses in the range ∼ 1−3×10
10M⊙. Analysis
of seven i′-drops that are undetected at 3.6µm indicates that these are younger, con-
siderably less massive systems. We calculate that emission line contamination should
not severely affect our photometry or derived results. Using SED fits out to 8µm,
we find little evidence for substantial intrinsic dust reddening in our sources. We use
our individual galaxy results to obtain an estimate of the global stellar mass density
at z ∼ 6. Correcting for incompleteness in our sample, we find the z ∼ 6 comoving
stellar mass density to be 2.5× 106M⊙Mpc
−3. This is a lower limit, as post-starburst
and dust-obscured objects, and also galaxies below our selection thresholds, are not
accounted for. From our results, we are able to explore the star formation histories
of our selected galaxies, and we suggest that the past global star formation rate may
have been much higher than that observed at the z ∼ 6 epoch. The associated UV
flux we infer at z > 7 could have played a major role in reionizing the universe.
Key words:
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1 INTRODUCTION
Studying the stellar populations in the most distant objects
known could provide a key insight into galaxy formation, po-
tentially revealing the star formation history at even earlier
epochs. The current frontier for spectroscopically-confirmed
galaxies is z ∼ 6, with unconfirmed candidates based on
photometric redshifts at perhaps even higher redshifts. The
i′-drop technique is based on the Lyman-break technique
(Steidel et al. 1996) and robustly selects star-forming galax-
ies at z ∼ 6 (Stanway, Bunker & McMahon 2003; Bunker et
al. 2004; Bouwens et al. 2004a; Yan & Windhorst 2004; Gi-
avalisco et al. 2004), when the universe was less than 1Gyr
old. If some of these i′-drop galaxies can be shown to har-
bour stellar populations with ages of a few hundred Myr,
then this pushes their formation epoch to z ∼ 10. Measure-
ments of the stellar masses of individual z ∼ 6 galaxies can
also constrain structure formation paradigms; in a simple
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hierarchical model, massive galaxies assemble at later times
through merging, so it might be expected that in this sce-
nario the number density of massive evolved galaxies in the
first Gyr would be low.
In Eyles et al. (2005), we presented Spitzer/IRAC imag-
ing of z ∼ 6 i′-drop galaxies with known spectroscopic red-
shifts, sampling the rest-frame optical at 3.6−8µm. Our pre-
vious work with optical HST/ACS data and near-infrared
imaging from VLT/ISAAC and HST/NICMOS (Stanway,
McMahon & Bunker 2005) explored the rest-frame ultravi-
olet (UV) in these galaxies, which is dominated by recent
or ongoing star formation. The addition of Spitzer/IRAC
imaging allowed us to fit spectral energy distributions from
the multi-wavelength broad-band photometry to stellar pop-
ulation synthesis models. We were able to constrain the
stellar masses and ages, and hence explore the preceding
star formation history and the formation epochs. We con-
centrated primarily on two bright, well-detected objects
(SBM03#1&#3 from Stanway, Bunker & McMahon 2003)
with spectroscopic redshifts of z ≈ 5.8 (Stanway et al.
2004a,b; Bunker et al. 2003). For these two sources, we found
evidence for the presence of Balmer/4000 A˚ spectral breaks,
indicating significant old stellar populations, with ages of
the order of a few hundred million years (see Section 4.1).
From this we inferred formation redshifts of zf ∼ 7.5−13.5,
and that even more vigorous star formation had taken place
prior to the time of observation. Our work was confirmed
independently by Yan et al. (2005) who, in their selection
of galaxies, studied one of the same objects, SBM03#1 (see
also Finlator, Dave´ & Oppenheimer 2006). The z ∼ 6 epoch
marks a pivotal point in the history of the Universe – the
end of the reionisation era (Becker et al. 2001; Kogut et al.
2003; Spergel et al. 2006). Hence we suggested that if ob-
jects such as these were commonplace at z ≥ 6, the UV flux
from their initial vigorous starbursts may have played a key
role in the reionisation of the Universe, supporting earlier
work of Bunker et al. (2004) and Egami et al. (2005).
The evidence found for the presence of significant
Balmer/4000 A˚ breaks in our two well-detected i′-drops
raises the question: are these breaks rare in z ∼ 6 objects, or
are they commonplace? In this paper, we now look to expand
on our case studies of a few individual z ∼ 6 sources, by con-
sidering the observed optical-infrared properties of a larger
population of i′-drop galaxies. If Balmer/4000 A˚ breaks are
found to be rare occurrences a possible scenario is that most
star-forming i′-drops could be young “protogalaxies” under-
going their first bout of star formation at z ∼ 6. On the
other hand, if these breaks are commonplace at z ∼ 6, it
could be inferred that there is a significant population of
well-established objects in place 1Gyr after the Big Bang.
In these systems, vigorous star formation would be required
at z ≫ 6 in order to assemble the bulk of the stellar mass.
Thus our primary goal is to obtain a robust estimate of
the stellar mass density at z ∼ 6 from our sample of i′-drop
galaxies; coupled with age estimates (also derived from our
photometry), we may be able to uncover the preceding star
formation history. This is immensely important when con-
sidering galaxy assembly scenarios and also the reionisation
of the Universe. The contribution of star-forming galaxies at
z ≥ 6 to the UV ionizing background, and hence the reioni-
sation of the Universe, is still debated. Bunker et al. (2004)
discovered ∼ 50 i′-drop galaxies in the Hubble Ultra Deep
Field (HUDF) with z′AB < 28.5 (10 σ). Star formation rates
of these galaxies extend down to 1M⊙ yr
−1, derived from
the rest-frame UV continuum assuming a standard Salpeter
initial mass function (IMF). Bunker et al. concluded that the
star formation density from these observed sources would be
insufficient to reionize the Universe at z ∼ 6, even with large
escape fractions for the Lyman continuum photons. Yan &
Windhorst (2004) independently confirmed the Bunker et
al. i′-drops in the HUDF (see Stanway & Bunker 2004 for
a comparison), but suggested that unobserved galaxies be-
low the detection limit could contribute much of the flux if
the faint-end slope of the rest-UV luminosity function was
much steeper than α ∼ −1.6 seen for Lyman break galaxies
at lower redshifts (z ∼ 3 − 4; Steidel et al. 1996). Stiavelli,
Fall & Panagia (2004) suggested that a warmer intergalac-
tic medium (IGM), a top-heavy IMF and substantially lower
metallicity (e.g., Population III) at z ∼ 6 might just provide
sufficient ionizing flux if the escape fraction was fesc ∼ 0.5,
much higher than observed at z = 0− 4 (fesc = 0.01 − 0.1;
Inoue, Iwata & Deharveng 2006). Whilst the slumping star
formation rate density from the observed i′-drops (Bunker
et al. 2004, Bouwens et al. 2004a) might be insufficient to
account for reionisation at z ∼ 6, it is possible that ear-
lier more intense star formation played a significant role in
achieving reionisation at higher redshifts.
Using public imaging taken as part of the “Great Ob-
servatories Origins Deep Survey” (GOODS; Dickinson & Gi-
avalisco 2003; Dickinson et al. in prep), our group has ex-
plored the stellar mass density and ages of v-drop galaxies at
z ∼ 5 (Stark et al. 2006). Comparing the inferred previous
star formation histories of these v-drops with observations
of the star formation rate density at higher redshifts, Stark
et al. concluded that perhaps as much as half of the star for-
mation occurring at z > 5 goes unobserved. Potential rea-
sons for this include a high contribution from low-luminosity
sources, dust obscuration and/or a yet to be observed phase
of star formation at very high redshift (z ≫ 6). Recently,
Yan et al. (2006) have provided an estimate to the stellar
mass density at z ∼ 6, and concluded that the bulk of reion-
ising photons must have been provided by other sources,
perhaps by objects that are below current detection limits.
It should be noted that such studies of Lyman break
galaxies (LBGs) place lower limits on the stellar mass den-
sity at the epoch of observation. The LBG selection tech-
nique is reliant upon an objects’ detection in the rest-frame
UV (e.g., the z′-band for i′-drops at z ∼ 6), so there must be
at least some ongoing star formation at the epoch of obser-
vation for the galaxy to be selected. Attempts to find post-
starburst (Balmer-break) objects at z ∼ 6 are extremely
difficult and uncertain due to a large population of lower
redshift interloping galaxies. For example, Mobasher et al.
(2005) have recently suggested the presence of a massive
post-starburst galaxy, HUDF-JD2, with a photometric red-
shift of zphot ≈ 6.5 (high-redshift solutions with z > 5 being
preferred 85 per cent of the time). This comes from the re-
analysis of an IRAC-detected Extremely Red Object (IERO)
identified in the HUDF by Yan et al. (2004), who originally
derived a photometric redshift of zphot ∼ 3.4 (see also Chen
& Marzke 2004). If the higher redshift from Mobasher et
al. (2005) is correct, then the SED suggests a remarkably
large stellar mass of 6×1011M⊙ at z ≈ 6.5 – a factor of ten
greater than the masses we presented in Eyles et al. (2005).
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However, deep spectroscopy has yet to yield a redshift for
this source, and the high photometric redshift estimate of
Mobasher et al. has been disputed by Dunlop et al. (2006),
who suggest that zphot = 2.2 is more plausible.
Rather than study all galaxies in the GOODS fields with
potential photometric redshifts at z ∼ 6, in this paper we
restrict ourselves to the i′-drop selection, which has proven
to be a reliable technique in isolating z ≈ 6 star-forming
galaxies (see Bunker et al. 2005 for a review) and so should
minimize low redshift contaminant sources. Hence by inves-
tigating the stellar masses of our z ∼ 6 Lyman-break galax-
ies, we should be able to derive lower limits on the stellar
mass density at this epoch.
In this paper we examine the SEDs of i′-drop galax-
ies in the GOODS-South field, using observations from
HST/ACS in the optical, VLT/ISAAC in the near-IR, and
Spitzer/IRAC to span the rest-frame UV/optical. The work
presented in this paper is an independent analysis of the i′-
drop population, and differs from the recent work of Yan et
al. (2006) in several ways. In addition to photometric data
gathered in HST/ACS & Spitzer/IRAC wavebands, we also
use ground-based near-IR imaging of the GOODS-South
field to better constrain the SEDs and the stellar population
fitting (see Sections 3.2&3.3). Rather than assign a common
redshift of z = 6 to all galaxies in our sample, we choose to
use i′-drops with either spectroscopically confirmed or ro-
bust photometric redshifts, and provide photometry for each
source and details of the best-fit stellar population models
for individual galaxies (Sections 3&4). For those objects
which suffer from confusion with neighbouring sources, we
attempt to subtract the contaminating objects in order to
obtain accurate aperture photometry, rather than simply
discarding these i′-drops from our sample (see Section 3.1).
We look to build on our previous work in Eyles et al. (2005)
by now considering a full sample of i′-drop candidates, and
exploiting new, improved imaging datasets provided by the
GOODS team (see Section 2.1), including both epochs of
the Spitzer/IRAC imaging.
An outline of this paper is as follows: Section 2 provides
a summary of the imaging datasets used in this study and
our selection of i′-drop galaxies. In Section 3 we describe
the photometry and the removal of contaminating sources,
and also the fitting of stellar population synthesis models to
the observed spectral energy distributions. We discuss our
results and their implications in Section 4, and our conclu-
sions are presented in Section 5. Throughout we adopt the
standard “concordance” cosmology of ΩM = 0.3, ΩΛ = 0.7,
and use H0 = 70 kms
−1Mpc−1, which is within 2 σ of the
latest WMAP determination (Spergel et al. 2006) – in our
adopted cosmology, the Universe today is 13.67 Gyr old, and
at z = 6 its age was 914Myr. All quoted magnitudes are on
the AB system (Oke & Gunn 1983).
2 OBSERVATIONS AND OBJECT SELECTION
2.1 Imaging Data
In this paper, we use multi-waveband data of the GOODS-
South field which is centred on the Chandra Deep Field
South (Giacconi et al. 2002) and also contains the Hubble
Ultra Deep Field (Beckwith et al. 2003).
The Advanced Camera for Surveys (ACS; Ford et al.
2003) onboard the HST has provided deep optical imag-
ing of the GOODS-South field, as part of HST Treasury
Programs #9425&9583 (Giavalisco et al. 2003; 2004), us-
ing the F435W (B), F606W (v), F775W (SDSS-i′) and
F850LP (SDSS-z′) broad-band filters, with a pixel scale of
0.′′05. In our analysis we make use of the publicly available
version-1.0 release1 of the reduced data from the GOODS
team. These data, taken over 5 observing epochs, had been
‘drizzled’ using a ‘multidrizzle’ technique (Koekemoer et
al. 2002), producing combined images with a pixel scale of
0.′′03, mosaicked in a 10′ × 15′ area. The 3σ limiting magni-
tudes, measured in 0.′′5 diameter apertures, are BAB = 29.4,
VAB = 29.5, i
′
AB = 28.8 & z
′
AB = 27.9 For the purpose of
this study, we are primarily concerned with the i′ & z′-band
images.
Deep ground-based near-infrared data were obtained
using the Infrared Spectrometer and Array Camera
(ISAAC) on the Very Large Telescope (VLT), as part of
the ESO Large Programme LP168.A-0485(A) (PI: C. Ce-
sarsky). We utilise the J-band (λcent ≈ 1.25µm) and Ks-
band (λcent ≈ 2.15µm) data which were released as part of
the publicly available v1.5 reduced dataset2 (Vandame et al.
in prep). We note that the J and Ks data release is an up-
dated version of the v1.0 release used in Eyles et al. (2005)
and Stanway et al. (2003; 2004a,b). The mosaicked J and
Ks images each cover ≈ 159 arcmin
2, and comprise of 24
tiles taken over many nights. These data have a pixel scale
of 0.′′15, five times larger than that of the ‘drizzled’ ACS
pixels, and each individual tile has undergone a rescaling in
order to provide an homogeneous zeropoint AB-magnitude
of 26.0 in both the J & Ks-bands. The J and Ks-band 3σ
limiting magnitudes, measured in 1′′-diameter apertures are
J ∼ 25.6&Ks ∼ 26.0 (see Section 3.2).
Imaging of the GOODS-South field using the Infrared
Array Camera (IRAC; Fazio et al. 2004) onboard Spitzer was
conducted as part of the GOODS Legacy programme (PID
194, Dickinson et al. in prep). IRAC uses four broad-band
filters with central wavelengths at approximately 3.6µm,
4.5µm, 5.8µm & 8.0µm (channels 1-4). The data were taken
over two observing epochs, with the telescope roll angle dif-
fering by 180◦. Note that at the time of our previous study
(Eyles et al. 2005) only the epoch 1 data were available; as
the area covered by channels 1 & 3 is offset by 6.7 arcmin
from that covered by channels 2 & 4, IRAC imaging of the
entire GOODS-South field was not complete in any of the
four channels. With the release of the epoch 2 data3, the full
10′×16.5′ field is now covered in all four wavebands. We use
the publicly-released reductions of the GOODS-South im-
ages produced by the GOODS team (the updated DR3 for
epoch 1 rather than the original DR1, and DR2 for epoch 2).
As with the HST/ACS GOODS data, these reduced IRAC
images had been ‘drizzled’ by the GOODS team, resulting
in combined images with a pixel scale of 0.′′6 (approximately
1 available from
ftp://archive.stsci.edu/pub/hlsp/goods/
2 available from
http://www.eso.org/science/goods/releases/20050930/
3 Second Data Release (DR2); see
http://data.spitzer.caltech.edu/popular/goods/
Documents/goods dr2.html
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half the original pixel size), a factor of twenty greater than
that of the ‘drizzled’ ACS data. The 3σ limiting magnitudes
are 26.5 & 26.1 for IRAC channels 1 & 2 respectively, mea-
sured in 2.′′4 diameter apertures, and 23.8 & 23.5 for IRAC
channels 3 & 4 measured in 3.′′0 & 3.′′7 diameter apertures
respectively (these limits include aperture corrections appro-
priate for unresolved sources, see Section 3.2). In this work,
we concentrate on the two shorter wavelength IRAC filters
which have the greatest sensitivity.
2.2 The i′-band Dropouts
A catalog of z ∼ 6 galaxy candidates present in the GOODS-
South field was constructed (Stanway 2004), with objects
selected via the Lyman-break technique (Steidel, Pettini
& Hamilton 1995; Steidel et al. 1996; 1999). For a z ∼ 6
Lyman-break galaxy, the flux decrement due to absorption
by the intervening Lyman-α forest is redshifted to fall be-
tween the i′-band and z′-band filters, causing it to “drop-
out” in the i′-band. Previous studies (Stanway et al. 2004b;
Dickinson et al. 2004) have shown that a colour-cut of
(i′ − z′)AB > 1.3mag reliably selects star-forming galaxies
at z ∼ 6, with some contamination from lower redshift, pas-
sively evolving galaxies (the “Extremely Red Object” ERO
population, e.g., Cimatti et al. 2002, Doherty et al. 2005),
and also from low-mass stars (e.g., Hawley et al. 2002). In
this paper we apply our i′-drop selection criteria to the to-
tal GOODS-ACS dataset (5 epochs co-added into a single
image); previous work by our group (Stanway et al. 2003)
was based on single-epoch selections, and the co-added 5-
epoch dataset of the version-1.0 release allows us to push
∼ 1mag deeper than before, to a level similar to that of
Bouwens& Illingworth (2006). Our i′-drop catalog (Stan-
way 2004) was constructed using the Source Extractor pro-
gram (Bertin & Arnouts 1996), training the apertures in
the z′-band and demanding a colour of (i′ − z′) > 1.3mag
within a small aperture (0.′′3-diameter) to minimize con-
tamination effects from nearby sources. Candidate i′-drops
within this list were then scrutinised according to the qual-
ity and reliability of their detections; we removed detec-
tor artifacts, diffraction spikes from bright stars, and low
signal-to-noise ratio candidates (typically in the edge re-
gions of each tile where fewer epochs overlapped). We also
required that there was no detection at > 3 σ in the B-
band (shortward of the 912 A˚ Lyman limit at z ∼ 6). Some
of the brighter i′-drops are faintly detected in v-band (e.g.,
31 2185/SBM03#3 with zspec = 5.78 has vAB = 29 and
(v − z′)AB = 4.4), consistent with a large Lyman-α forest
flux decrement of DA > 0.95. Using the HST/ACS z
′-band
imaging, bright i′-drops with half-light radii Rh < 0.
′′05 were
identified as probable low-mass Galactic stars, and these
point sources were removed from our catalog; this included
the sources SBM03#4 & SBM03#5 /UDFB2104 (Stanway,
Bunker & McMahon 2003; Bunker et al. 2004). At magni-
tudes fainter than z′AB ≈ 26.5 the star–galaxy separation is
less clean, so we keep borderline unresolved fainter sources
in our sample, and use the ACS/near-IR/IRAC SEDs to
reject possible stellar interlopers later (Section 3.2).
For consistency with our other work (Bunker et al. 2004;
Eyles et al. 2005) we have remeasured the photometry of our
i′-drops in 0.′′5-diameter apertures, and aperture-corrected
them to approximate total magnitudes (see Section 3.2). We
imposed a selection criterion based on the z′-band magni-
tudes of our i′-drops, selecting only those with z′AB < 26.9.
These robust detections (> 8σ) mean that the (i′ − z′)
colour is secure, and we should have little contamination
from lower-redshift red galaxies with intrinsic colours just
blueward of our colour cut scattering up into our selection
through photometric errors. This appears to severely affect
the i′-drop catalogs of other groups who work with lower sig-
nificance detections: for example, Dickinson et al. (2004) and
Giavaliso et al. (2004) analysed the GOODS fields, selecting
i′-drops down to S/N = 5σ in the z′-band, and estimated
that 55% of these would be genuine z > 6 galaxies on the
basis of simulations. However, Bouwens et al. (2005) looked
at those sources covered by the deeper UDF imaging, and
found that only 25% were real i′-drops.
Our list of i′-drops in GOODS-South has 54 objects
with z′AB < 26.9 (where we treat 3 close pairs seen
in HST/ACS as single objects as they are unresolved at
Spitzer/IRAC resolution). We note that the analysis of Yan
et al. (2006) uses 142 i′-drops in GOODS-South from Gi-
avalisco et al. (in prep.), but figure 1 of Yan et al. (2006)
indicates that their selection extends to z′AB ≈ 27.7. This
is a factor of two fainter than our limit; the number counts
appear to turn over at z′AB ≈ 26.8, so presumably fainter
magnitudes suffer large incompleteness.
We then further refined our list of objects to the subset
which had either spectroscopic or robust photometric red-
shifts. Our group was the first to publish spectroscopic con-
firmation of the HST/ACS i′-drop selection technique, using
Keck/DEIMOS (Bunker et al. 2003; Stanway et al. 2004a;
see also Dickinson et al. 2004), and also Gemini/GMOS
spectroscopy (GLARE; Stanway et al. 2004b). Three of the
four objects with spectroscopic redshifts in our previous
Spitzer analysis (Eyles et al. 2005) also appear in our cur-
rent sample – 23 6714 & 31 2185 (SBM03#1 & #3 respec-
tively), and also 23 2897 (GLARE#3001). We note that
GLARE#3011, the fourth (and faintest) object to feature
in our previous analysis, was omitted from our current i′-
drop catalog as it has z′AB = 27.15. We matched our i
′-drop
candidates with the GOODS-MUSIC photometric catalog
of this field (Grazian et al. 2006). This catalog uses 13-
band SEDs from HST/ACS and Spitzer/IRAC photometry
along with ground-based U , J & Ks to derive photometric
redshifts. We found 27 of the 54 objects within our list of
i′-drops also featured in the GOODS-MUSIC catalog with
photometric redshifts zphot > 5.6, of which five have spectro-
scopic redshifts from the literature4. A further four of our
i′-drop catalog had confirmed redshifts from VLT/FORS2
spectroscopy (Vanzella et al. 2005; 2006), but were missing
from the GOODS-MUSIC catalog. This gives us a total of
31 objects with spectroscopic or photometric redshifts at
z > 5.6, which are detailed in Table 1. Of the remaining 23
galaxies in our i′-drop catalog, two were likely EROs with
zphot ≈ 1.1, and were removed from our sample (a con-
tamination rate by EROs of ≈ 5%). Three GOODS-MUSIC
matches had photometric redshifts of 5.45 < zphot < 5.6,
below the nominal i′-drop selection, and another five had
4 The GOODS-MUSIC survey uses the redshift compilation given
in http://www.eso.org/science/goods/spectroscopy/CDFS
Mastercat/
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matches in the GOODS-MUSIC catalog, but no photomet-
ric redshift solution had been found (zphot = −1). The re-
maining 15 were absent from the GOODS-MUSIC catalog,
possibly due to incomplete photometry in all wavebands in
these regions (particularly the U , J , H & Ks). However, the
available colours and the distribution of magnitudes of these
galaxies seem similar to our other i′-drops (Figure 1), so we
will scale the results from the spectroscopic+photometric
sub-sample to our whole GOODS-South i′-drop sample at
z′ < 26.9, excluding bright Galactic stars and lower-redshift
EROs (a total of 52 objects).
By restricting ourselves to the proven i′-drop pre-
selection, rather than including all galaxies with a potential
z ∼ 6 photometric redshift solution, our sample should con-
tain fewer numbers of spurious high redshift sources which
may otherwise scatter into the selection (e.g., see Dunlop et
al. 2006). We note, however, that the Lyman-break selection
we adopt requires at least some ongoing or very recent star
formation to detect the break in the rest-frame UV (a de-
tection in the z′-band) so we are incomplete for galaxies in
which star formation has ceased. Hence our measurements
of the global stellar mass density at z ∼ 6 will necessarily
be firm lower limits for z ∼ 6 galaxies in the GOODS-South
field (see Section 4.5). Cosmic variance will of course play
a role, but for the size of the GOODS survey this has been
estimated to be a 20 per cent effect (Somerville et al. 2004)
if the i′-drops have similar clustering to the Lyman-break
galaxies at z ≈ 4 (the B-band drop-outs).
Although, as a consequence of our selection criteria,
our sample of galaxies is smaller than that of Yan et al.
(2006), in doing so we preserve the available redshift infor-
mation, rather than assigning a common redshift of z = 6
to all objects. This selection process, based on the quality
of HST/ACS detections and the availability of robust spec-
troscopic or photometric redshifts, resulted in a sub-sample
of 31 objects for further analysis.
3 DATA ANALYSIS
3.1 Removal of Contaminating Sources
Before photometry of individual objects was gathered, it
was necessary to ensure that they did not suffer from con-
tamination due to neighbouring sources; this is particularly
common in the Spitzer/IRAC data, due to the low spa-
tial resolution (FWHM ≈ 1.′′5) compared with the HST
(FWHM ≈ 0.′′05). Each of the i′-drops in our sample was vi-
sually inspected in IRAC channels 1 & 2 (3.6µm & 4.5µm),
and compared to the higher-resolution HST/ACS z′-image
and the VLT/ISAAC Ks-band in order to identify any con-
taminating sources. As in our recent work on the z ∼ 5 v-
band drop-outs in this field (Stark et al. 2006), each galaxy
was classified in the Spitzer/IRAC data as: a) isolated and
detected; b) confused; c) undetected; or d) unobserved (ei-
ther not in the field of view, or in a noisy region close to the
edge of the field where few frames overlap). Four of our 31
objects fell into category d), and so were removed from the
sample and not analysed further. Of the remaining 27, three
sources were isolated and detected (category a) and one was
isolated and undetected (category c). Hence 23 of the i′-
drop galaxies in our sample were classified as confused, and
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Figure 1. A histogram of the z′-band magnitudes of our full cata-
log of 52 i′-drop candidates with z′AB < 26.9 (total sample, below
continuous line). From this, 31 objects were found to have ei-
ther photometric redshifts (from the GOODS-MUSIC catalog) or
spectroscopic redshifts (cross-hatched area, within dashed line).
The solid shaded region represents the 17 objects for which re-
liable photometry was obtainable and hence were the focus of
our analysis. As can be seen in this figure, our sample, although
small, reasonably represents the total i′-drop population in terms
of z′-band magnitude.
for these objects attempts were made to subtract out the
contribution from neighbouring sources, using the “GAL-
FIT” software package (Peng et al. 2002) to model the sur-
face brightness profiles of nearby sources in the IRAC field.
We emphasize that we use GALFIT to fit the neighbouring
sources to subtract out, not the i′-drops themselves.
In order to perform the subtraction of contaminat-
ing sources with GALFIT, it was necessary to obtain the
point spread function (PSF) for each waveband. For the
Spitzer/IRAC data, we used in-flight PSFs which were over-
sampled by a factor of two relative to the ‘drizzled’ data5.
These PSFs were then rotated to match the orientation of
the drizzled IRAC GOODS-South images; epoch 2 differed
from epoch 1 by a roll angle of 180◦. The PSFs of the J &
Ks-band data were created by trimming 12
′′ × 12′′ regions
around bright yet unsaturated stars in the field of view; due
to variation in seeing between different pointings in the mo-
saic, a separate PSF for each individual image tile was cre-
ated. The stars used for these PSFs were then later employed
in calculating aperture corrections for the photometry (see
Section 3.2).
GALFIT constructs a two-dimensional model of each
confusing galaxy for various surface brightness profiles (e.g.,
exponential disk, de Vaucouleurs, Se´rsic) according to sev-
eral initial input parameters specified by the user (e.g., mag-
5 see
http://ssc.spitzer.caltech.edu/irac/psf.html
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Figure 2. From left to right, postage stamp images of our 16 sources in the i′, z′, J , Ks, 3.6µm & 4.5µm filters respectively, before any
confusing source subtraction had been conducted (see Section 3.1). The stamps are 9′′ × 9′′ regions centred on each i′-drop. North is up
and East is to the left. On the far right are the postage stamp images of the 12 sources in the J , Ks, 3.6µm & 4.5µm filters which had
neighbouring sources subtracted using GALFIT in the VLT/ISAAC near-infrared and Spitzer/IRAC imaging. Where no subtraction was
necessary (in the case of isolated sources) these panels on the right are left blank.
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our ID GOODS-MUSIC ID RA (J2000) Dec. (J2000) z′AB (0.
′′5) (i′ − z′) Rhl Redshift
31 2185 499 03:32:25.605 –27:55:48.69 24.61 ± 0.02 1.59 0.′′07 5.78⋄
23 6714 8940 03:32:40.012 –27:48:15.01 25.35 ± 0.03 1.43 0.′′10 5.83⋄
33 4396∗ 8079 03:32:13.071 –27:49:00.75 25.71 ± 0.05 1.96 0.′′11 5.77
22 6713∗ 3912 03:32:39.027 –27:52:23.12 25.75 ± 0.05 1.47 0.′′12 5.83
25 4894∗ — 03:32:33.194 –27:39:49.11 25.84 ± 0.05 2.48 0.′′14 5.83⋄
13 3880 10580 03:32:49.983 –27:46:56.20 26.10 ± 0.06 1.45 0.′′11 5.65
13 1487∗ 7818 03:32:54.099 –27:49:15.88 26.13 ± 0.09 2.58 0.′′10 5.79⋄
31 3127 959 03:32:23.842 –27:55:11.62 26.15 ± 0.07 > 2.68 0.′′08 6.09⋄
23 2897 7536 03:32:46.039 –27:49:29.71 26.16 ± 0.07 1.88 0.′′14 5.78⋄
33 7746 9235 03:32:14.739 –27:47:58.75 26.36 ± 0.08 1.21 0.′′14 5.76
25 4498∗ — 03:32:32.460 –27:40:01.93 26.41 ± 0.08 > 2.42 0.′′17 5.97⋄
33 7751 9234 03:32:24.797 –27:47:58.82 26.41 ± 0.09 1.33 0.′′17 5.87
25 85 16461 03:32:37.956 –27:42:07.53 26.44 ± 0.09 > 2.39 0.′′17 6.21
32 4331 — 03:32:22.282 –27:52:57.21 26.48 ± 0.14 > 2.35 0.′′06 6.20⋄
22 7650 4264 03:32:31.190 –27:52:06.17 26.48 ± 0.09 > 2.35 0.′′17 6.09
23 12643∗ 10898 03:32:36.462 –27:46:41.40 26.56 ± 0.09 > 2.28 0.′′15 5.95⋄
34 10241 15047 03:32:27.888 –27:43:15.70 26.56 ± 0.08 1.84 0.′′12 5.87
24 3905 13076 03:32:35.361 –27:44:57.18 26.57 ± 0.10 1.42 0.′′17 5.73
33 12465 11002 03:32:25.110 –27:46:35.67 26.57 ± 0.10 > 2.26 0.′′06∗† 0∗†
33 9307∗ 9858 03:32:27.397 –27:47:28.28 26.57 ± 0.10 2.17 0.′′08 5.95
31 3672∗ 1366 03:32:17.808 –27:54:41.60 26.59 ± 0.13 > 2.24 0.′′09 5.87
33 4724∗ 8187 03:32:18.297 –27:48:55.64 26.59 ± 0.10 > 2.24 0.′′17 6.32
13 3987∗ — 03:32:48.941 –27:46:51.45 26.68 ± 0.11 1.09 0.′′08 5.79
22 7964∗ 4361 03:32:36.833 –27:52:01.01 26.70 ± 0.11 1.30 0.′′10 5.83
23 3398 7737 03:32:43.348 –27:49:20.37 26.72 ± 0.11 0.850 0.′′12 5.80
24 9420∗ 15052 03:32:36.342 –27:43:15.51 26.72 ± 0.11 > 2.11 0.′′12 6.12
34 10623 15176 03:32:15.257 –27:43:09.02 26.76 ± 0.12 1.75 0.′′09 6.12
33 11608∗ 10793 03:32:13.414 –27:46:46.38 26.78 ± 0.12 > 2.05 0.′′14 6.09
22 10359∗ 5207 03:32:38.961 –27:51:16.64 26.82 ± 0.12 1.33 0.′′14 5.64
13 2604 9135 03:32:52.214 –27:48:04.80 26.88 ± 0.12 1.53 0.′′17 5.81
35 111 16458 03:32:29.019 –27:42:07.89 26.91 ± 0.13 1.10 0.′′10 5.94
∗ These objects were rejected from further analysis for reasons outlined in Section 3.1.
⋄These are spectroscopic redshifts. Those of 23 6714 & 31 2185 come from Keck/DEIMOS spectroscopy (Stanway et al. 2004; Bunker
et al. 2003), and for 23 2897 from Gemini/GMOS spectroscopy (Stanway et al. 2004b). The other spectroscopic redshifts are from
VLT/FORS2 spectroscopy by Vanzella et al. (2006).
†Object 33 12465 has photometry consistent with being a T-dwarf low-mass star, and is unresolved in the HST/ACS images.
Table 1. The coordinates and (i′ − z′) colours of the sample of i′-band drop galaxies used in this study. The galaxies are ordered
according to z′-band magnitude, with the brightest at the top. Rhl is the half-light radius in arcseconds, measured in the z
′-band;
unresolved sources have Rhl ≈ 0.
′′06. All redshifts, unless otherwise stated, are taken from the GOODS-MUSIC photometric redshift
catalog, which has a typical error of ∆z = 0.08 (Grazian et al. 2006). Note that for some objects, their (i′ − z′) colours presented here
fall outside the colour cut of > 1.3 used to select i′-drop galaxies. This is due to their initial selection being based on colours measured
in a smaller aperture than the 0.′′5−diameter aperture magnitudes presented in this paper.
nitude, centre, axial ratio, position angle), which can be held
fixed or allowed to vary. The model is then convolved with
the instrument PSF (we used two-times oversampled PSFs
for IRAC). Perturbing the model parameters from the ini-
tial guess, an iterative χ2 minimisation process converges
on a best-fit solution. The best-fit parameters are returned,
along with images of the 2-D fitted model and of the residual
flux when the model is subtracted from the original galaxy
image.
For the 23 confused sources in our sample, 12′′ × 12′′
regions surrounding each individual object in the J , Ks,
3.6µm & 4.5µm wavebands were used to begin the following
process. Initial GALFIT input parameters for neighbour-
ing sources were estimated from the Ks-band images, as
this waveband typically had the highest spatial resolution
of the infrared images. We used the IRAF task imexamine
to obtain magnitude and coordinate estimates of the neigh-
bouring sources. GALFIT was then run on the Ks-band im-
age with all input parameters allowed to vary and a generic
Se´rsic profile adopted, where log(Surface Brightness) ∝ r1/n
(where n is the Se´rsic index). Using the output parameters
from the Ks-band fits as input estimates, GALFIT was then
applied to the other infrared filters (J , 3.6µm & 4.5µm). In
these wavebands, three versions of the fitting process were
carried out. For one version, all input parameters as deter-
mined from the Ks-band were held fixed, except the mag-
nitudes (this would be appropriate if the morphology was
independent of wavelength, i.e. no colour gradients). In the
second version, we repeated the GALFIT procedure, but up-
dated the input centres and magnitudes of the surrounding
sources with those measured directly from the J , 3.6µm &
4.5µm images, and again fixed the galaxy shape parame-
ters (axial ratio, PA, Se´rsic index, scale length) from the
Ks-band fitting. Finally, we also re-ran GALFIT on the J ,
3.6µm & 4.5µm images allowing all of the input parame-
ters to vary. Each resulting subtraction was then visually
inspected, and the best fit for each waveband was selected.
For those confused objects which appear in both epochs of
the Spitzer/IRAC data, the subtraction of neighbouring ob-
jects was attempted on each epoch independently, as the
c© 0000 RAS, MNRAS 000, 000–000
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PSF differed greatly. Some galaxies appeared in the central
overlap region between the two epochs; we used the deeper
of the two, and where the depth was the same we used the
epoch which yielded the better GALFIT subtraction of con-
fusing sources. In several cases (particularly when used on
the Spitzer/IRAC data), GALFIT failed to satisfactorily re-
move the confusing source(s); this resulted in the removal of
a further 10 sources from our sample, leaving a total of 17
sources for which reliable photometry was obtainable. From
this list, object 33 12465 was later rejected as its photometry
is more consistent with being a low-mass T-dwarf star than
a z ∼ 6 galaxy (see Section 3.2), and it is unresolved in the
HST/ACS images. Figure 2 shows the multi-waveband im-
ages of the remaining 16 objects of our sub-sample, before
subtraction of confusing sources was conducted (left-hand
side), and also the results of GALFIT for those confused
objects for which subtraction of neighbouring sources was
successful (right-hand side). In Section 4.5, we discuss the
correction to the total stellar mass density of those objects
for which attempts at subtracting the effect of neighbouring
confusing sources were unsuccessful. In Figure 1 we show
the distribution of z′-band magnitudes for our 17 i′-drops
with clean photometry, compared to the full sub-sample of
31 i′-drop galaxies with spectroscopic or photometric red-
shifts, and with our complete catalog of 52 i′-drops with
z′AB < 26.9 (see Section 2.2). The magnitude distribution of
the sub-sample analysed does not show any obvious bias; a
Kolmogorov-Smirnov test shows that there is a 99 per cent
probability of the 31 galaxies with redshift information hav-
ing the same z′-band magnitude distribution as the total
i′-drop sample of 52; and that there is a 94 per cent chance
that the 17 i′-drops analysed have the same magnitude dis-
tribution as all the i′-drops with redshift information.
3.2 Photometry
As shown in our previous work, the typical half-light ra-
dius of a z ∼ 6 i′-drop galaxy is rhl < 0.
′′2 (Bunker et
al. 2004; see also Ferguson et al. 2004, Bouwens et al.
2004a), and these objects are often barely resolved in the
HST/ACS images. Hence when viewed at the poorer res-
olution of the VLT/ISAAC data, and in particular the
Spitzer/IRAC images, they are essentially unresolved, and
so we treat them as point sources for the purposes of pho-
tometry. HST/ACS photometry of our full catalog of 52 i′-
drop candidates (see Section 2.2) had been previously gath-
ered by our group (Stanway 2004; Bunker et al. 2004), us-
ing 0.′′5 diameter apertures, and had been both aperture &
extinction-corrected for Galactic dust; we used these magni-
tudes for this analysis. Magnitudes for each of our selected
i′-drops in the near-IR and IRAC wavebands were obtained
using the IRAF digiphot.phot package to perform aperture
photometry, measuring the enclosed flux at the coordinates
determined from the astrometry of the GOODS version-
1.0 z′-band data. Aperture corrections were then applied
to convert the measured aperture magnitudes to approxi-
mate total magnitudes, appropriate for point sources. Pho-
tometry in the ground-based VLT/ISAAC J & Ks images
was performed using 1′′-diameter apertures, removing the
residual sky background determined from an annulus be-
tween 12′′ and 24′′ radius. The seeing was generally good
(FWHM = 0.′′4 − 0.′′5) but varied from tile to tile. Hence
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Figure 3. Examples of subtraction of neighbouring confusing
sources using GALFIT in IRAC channel 1. From top to bottom,
objects 13 3880, 25 85 & 34 10623, with the original images, the
models fitted and the residual images from left to right respec-
tively. Each box is 9′′ across. North is up and East is to the left.
a unique aperture correction for each individual tile was
calculated, using the PSF stars used in the subtraction of
confused sources with GALFIT (Section 3.1), measuring the
flux out to a diameter of 6′′. The aperture corrections for our
fixed 1′′-diameter apertures were found to be in the range
≈ 0.3−0.5 mag. Noise estimates were also made on a tile-to-
tile basis to account for the differing seeing conditions and
exposure times, producing 3σ limiting total magnitudes of
J(AB) ≈ 26.0 & Ks(AB) ≈ 25.6.
For the Spitzer/IRAC photometry, we used an aperture
of diameter ≈ 1.5 × FWHM, which maximises the signal-
to-noise ratio (S/N) for unresolved objects. For both IRAC
channels 1 & 2, the FWHM (as determined from unsaturated
point sources in the GOODS-South IRAC images) was 2.5
drizzled pixels or 1.′′5. Hence we set the photometric aperture
diameter to be 4 drizzled pixels (2.′′4). The local background
was determined from an annulus between 20 and 40 pixels
radius (12′′ and 24′′). We note that for object 35 111, a
smaller background annulus was employed (between 7 and
10 pixels). This was due to the fact that this source re-
sides in a particularly crowded region of the GOODS-South
field, where the larger sky annulus was significantly contam-
inated by several bright objects. As determined in our pre-
vious study, the corrections for the IRAC 3.6µm & 4.5µm
channels to convert from our aperture magnitudes to ap-
proximate total magnitudes were found to be ≈ 0.7mag,
measuring out to 18′′ diameter. These are consistent with
those derived for the First Look Survey (Lacy et al. 2005).
The noise estimates adopted in this study mirror those used
in Eyles et al. (2005) and Stark et al. (2006) – 3σ limiting
magnitudes of 26.5 & 26.1 for channels 1 & 2 respectively,
in 2.′′4 diameter apertures.
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Photometry was gathered on the 17 sources in our sub-
sample, with 13 of them having had neighbouring objects
subtracted with GALFIT (see Section 3.1). Of these 17 ob-
jects, 10 were detected at > 3σ in IRAC channel 1 and 9
in channel 2 (with source marginally detected in channel 2).
Table 2 lists the measured AB magnitudes in the i′, z′, J ,
Ks, 3.6µm & 4.5µm filters of the 17 objects for which re-
liable photometry was gathered. These values have had the
appropriate aperture corrections applied, and so represent
estimated total magnitudes, which were then used to con-
duct spectral energy distribution modelling (Section 3.3).
The photometry of object 33 12465 appears to be
anomalous for a z ∼ 6 galaxy, with very peculiar colours
– twice as bright in J and IRAC channel 2 than in
Ks and IRAC channel 1, quite unlike the SEDs of our
spectroscopically-confirmed i′-drops. The source appears to
be unresolved in the HST/ACS imaging suggesting that it
may be a Galactic point source (although the GOODS-
MUSIC catalog does allocate a photometric redshift of
z = 6.93). It was not removed from the initial i′-drop list
because its faint magnitude (z′AB = 26.6) is where star-
galaxy separation just begins to become unreliable. How-
ever, in Figure 8 we overplot the SED on a spectrum of
the T7 Dwarf Gl 229B6 (Leggett et al. 2002). The photom-
etry of 33 12465 closely resembles that of a T-dwarf, with
H20 and CH4 spectral features significantly contributing to
the detected J-band and 4.5µm fluxes. Comparing our mea-
sured photometry to the colours of T-dwarfs in Patten et al.
(2006), and converting our AB magnitudes to the Vega sys-
tem used, the Ks, 3.6µm and 4.5µm colours appear to be
consistent with a T5−7 dwarf. The only other i′-drop in our
subsample to have a half-light radius as small as Rhl = 0.
′′06
(as for the T-dwarf 33 12465) is 32 4331, which has a spec-
troscopic redshift of z = 6.2 and colours unlike the T-dwarf
(i.e., probably not a star) .
Hence object 33 12465 was also eliminated from inclu-
sion in any further analysis as a probable T-dwarf star,
resulting in a final selection of 16 i′-drop galaxies on
which SED fitting was subsequently conducted. For ob-
jects 23 6714, 31 2185 & 23 2897 (SBM03#1, SBM03#3 &
GLARE#3001 respectively), comparisons were made with
the photometry collected in our previous study (Eyles et al.
2005); that of 23 6714 & 31 2185 appears to be consistent
with our original data. It should be noted that in our earlier
study, deeper HST/NICMOS F110W (‘J-band’) & F160W
(‘H-band’) data were used in place of the VLT/ISAAC J-
band for 23 6714 (SBM03#1); this is the only object in our
selection which falls within the HUDF field. Also, at the
time, no IRAC 4.5µm data were available for 31 2185 – it
was not in the channel 2 field of view in the epoch 1 data re-
lease. The 4.5µm detection of object 23 2897 in the deeper
epoch 2 data is slightly discrepant with respect to our ear-
lier analysis, in which it was undetected in epoch 1. The
stellar ages and mass estimates from stellar population fits
presented in Eyles et al. (2005) are not significantly altered
with this new photometry (Section 4).
We have also compared our photometry with that in
the GOODS-MUSIC catalog, which used PSF-matching of
6 Available from http://www.jach.hawaii.edu/∼skl/spectra/
T7 Gl229B.txt
the space- and ground-based data with the ‘ConvPhot’ rou-
tine. For our i′-drop sample, we find in general good agree-
ment for the magnitudes; where discrepancies were noted,
visual inspection showed that this was most likely through
confusing sources which we have tried hard to eliminate
by GALFIT modelling and subtraction. We have chosen
to use our aperture magnitudes in the current analysis,
corrected to approximate total magnitudes through aper-
ture corrections, as these are most appropriate to barely-
resolved sources (such as our i′-drops in the infrared) and
are simple and reproducible. We note however that agree-
ment with the independently-determined GOODS-MUSIC
catalog magnitudes is good, and adopting these magnitudes
for most sources would not qualitatively affect our stellar age
and mass determinations from population synthesis model
fits.
3.3 Spectral Energy Distribution Fitting
Once magnitudes in each of the different wavebands had
been obtained, the photometric data were then used to con-
struct SEDs for each of our selected sources. As in our pre-
vious work, we made use of the latest Bruzual & Charlot
(2003, hereafter B&C) isochrone synthesis code, utilising
the Padova-1994 evolutionary tracks (preferred by B&C).
The models span a range of 221 age steps approximately
logarithmically spaced, from 105 yr to 2× 1010 yr, although
here we discount solutions older than ∼ 109 yr (the age of
the Universe at z ≈ 6). The B&C models have 6900 wave-
length steps, with high resolution (FWHM 3 A˚) and 1 A˚
pixels over the wavelength range 3300 A˚ to 9500 A˚ and un-
evenly spaced outside this range. We opted to primarily ex-
plore models with the Salpeter (1955) initial mass function
(IMF), and of solar metallicity. We considered the effects
of sub-solar metallicity and adopting the Chabrier (2003)
IMF in Eyles et al. (2005, see also Section 4.3). From the
range of possible star formation histories (SFH) available,
we considered a single stellar population (SSP; an instanta-
neous burst), a constant star formation rate (SFR), and sev-
eral exponentially-decaying star formation rate “τ -models”.
These had SFR = SFR0e
−t/τ , where SFR0 is the star for-
mation rate at time t = 0 (the formation of the galaxy).
We considered exponential star formation histories with de-
cay constants in the range τ = 10 − 1000Myr, specifically
τ = 10, 30, 70, 100, 300, 500 &1000Myr.
For an SSP (instantaneous burst) model, the B&C syn-
thetic spectra are normalised to an initial total mass of
1M⊙. For the constant SFR model, the B&C template nor-
malization is an SFR of 1M⊙ yr
−1. Additionally, we investi-
gated a model composed of two distinct stellar populations:
an ongoing starburst with constant SFR at the time of ob-
servation, and an underlying older population that formed
via an instantaneous burst sometime previously. We also
consider the possibility that the red optical–infrared colours
of objects within our sample could be due to intrinsic dust
reddening, rather than an age-sensitive spectral break (see
Section 4). As in our previous work, we adopted the empiri-
cal reddening model of Calzetti (1997), suitable for starburst
galaxies.
For each i′-drop in our sample, the filters were corrected
to their rest-frame wavelengths by the appropriate redshift
factor. The measured flux in each waveband was folded
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ID i′ z′ J Ks 3.6µm 4.5µm
31 2185† 26.21± 0.05 24.61± 0.02 24.53± 0.15 25.66± 0.37 23.93± 0.08 24.35± 0.14⋄
23 6714 26.77± 0.09 25.35± 0.03 25.34± 0.20 24.99± 0.22 24.26± 0.09 24.34± 0.15
13 3880† 27.55± 0.18 26.10± 0.06 > 26.1 (3 σ) 25.09± 0.27 > 26.5 (3σ) > 26.1 (3σ)
31 3127 > 28.8 (3 σ) 26.15± 0.07 > 25.8 (3 σ) > 25.4 (3σ) > 26.5 (3σ) > 26.1 (3σ)
23 2897 28.04± 0.26 26.16± 0.07 26.09± 0.38 25.40± 0.35 26.01± 0.51 25.17± 0.31
33 7746† 27.57± 0.18 26.36± 0.08 > 25.8 (3 σ) > 25.1 (3σ) > 26.5 (3σ) > 26.1 (3σ)
33 7751† 27.75± 0.21 26.41± 0.09 > 25.7 (3 σ) > 25.6 (3σ) > 26.5 (3σ) > 26.1 (3σ)
25 85† > 28.8 (3 σ) 26.44± 0.09 25.22± 0.18 > 25.0 (3σ) 24.18± 0.09 24.67± 0.20⋄
32 4331† > 28.8 (3 σ) 26.48± 0.14 25.55± 0.29 25.68± 0.29 24.60± 0.14 24.61± 0.19
22 7650† > 28.8 (3 σ) 26.48± 0.09 26.48± 0.50 25.85± 0.50 > 26.5 (3σ) > 26.1 (3σ)
34 10241† 28.40± 0.31 26.56± 0.08 > 26.0 (3 σ) 25.78± 0.73 > 26.5 (3σ) > 26.1 (3σ)
24 3905 27.99± 0.25 26.57± 0.10 > 26.1 (3 σ) > 25.8 (3σ) 25.94± 0.38 26.13± 0.65
33 12465∗ > 28.8 (3 σ) 26.57± 0.10 24.13± 0.08 24.74± 0.18 24.68± 0.17 24.07± 0.11
23 3398† 27.57± 0.17 26.72± 0.11 26.47± 0.52 > 25.6 (3σ) 24.91± 0.16 25.26± 0.42
34 10623† 28.51± 0.41 26.76± 0.12 > 25.9 (3 σ) > 25.3 (3σ) > 26.5 (3σ) > 26.1 (3σ)
13 2604† 28.41± 0.36 26.88± 0.12 26.37± 0.54 > 25.6 (3σ) 24.54± 0.15 25.18± 0.43⋄
35 111† 28.01± 0.26 26.91± 0.13 26.13± 0.44 > 25.2 (3σ) 25.92± 0.35 > 26.1⋄ (3σ)
† These objects are those which were noted to be confused, and subsequently had the neighbouring sources successfully subtracted by
GALFIT.
⋄ IRAC channel 2 (4.5µm) is anomalously faint compared to IRAC channel 1 (3.6µm).
∗ This object is most likely a low-mass T-dwarf object (see Section 3.2).
Table 2. Estimated total magnitudes (AB system) of our sample of 17 i′-band drop candidates for which reliable photometry was
obtained (including a probable T-dwarf). Any non-detection is represented by the corresponding 3σ limiting magnitude.
through the corresponding filter transmission profile, and
the best-fit age model was computed via minimisation of the
reduced χ2, using the errors measured on the magnitudes.
The flux of the models below Lyman-α (λrest = 1216 A˚) was
reduced to correct for blanketting by intervening Lyman-α
forest absorption (DA = 0.95 was assumed at z ≈ 6). Some
of our data points, particularly those from the HST/ACS
imaging, have S/N > 10. However, as done previously,
the minimum magnitude error is set to ∆(mag) = 0.1,
to account for calibration uncertainties. Non-detections in
the VLT/ISAAC J & Ks-bands were treated in two differ-
ent ways. First, the fitting routine was run with all non-
detections set to the corresponding 1σ detection limits, and
a magnitude error of ∆(mag) = 1.0 was imposed, giving
these filters a very low statistical weighting during the fit-
ting process. Secondly, the fitting was re-run, omitting any
filters with non-detections. Checks were carried out on the
returned best fit SEDs to ensure that the flux density in the
wavelength region of the omitted filter was not in conflict
with the corresponding 3σ upper limit: this was found to
be the case, so we adopted the fits excluding each near-IR
waveband in which an object was undetected. In seven of the
16 galaxies in our sub-sample, there was no IRAC detection
at > 3σ in either channel 1 or 2 (Figure 5). We present a
stacking analysis of these sources in Section 4.2.
The normalisations (scalings) for the models that pro-
duced the best fits to the broadband photometry were re-
turned by the fitting code, and these were then used to calcu-
late the corresponding best-fit total masses (see Section 4.1),
using the luminosity distance for the redshift of each i′-drop.
For each fit, the number of degrees of freedom was taken to
be the number of independent data points (i.e., magnitudes
in different filters). When considering models other than a
SSP (instantaneous burst), it was necessary to correct the
total ‘mass’ values output by the fitting routine. For a con-
stant SFR model, each of these masses needed to be multi-
plied by the corresponding best-fit age, since the B&C tem-
plate normalization has the mass grow by 1M⊙ yr
−1. For
the τ models, the returned ‘mass’ values were corrected by
a factor (1− e−t/τ ), accounting for the decay timescale and
the normalization of the B&C models (where M → 1M⊙ as
t→∞). The fits to the B&C models returned ‘total masses’
which were the sum of the mass currently in stars, in stellar
remnants, and in gas returned to the interstellar medium
(ISM) by evolved stars. For each best-fit model, we also cal-
culated the mass currently in stars for every galaxy, again
using information from the B&C population synthesis code.
The results of the SED fitting for the nine galaxies with
IRAC detections are presented in Tables 3, 4& 5, where we
list both the ‘stellar masses’ and ‘total masses’ (stars, recy-
cled gas and stellar remnants) for each galaxy. The best-fit
stellar populations are shown in Figure 4 (for simple star for-
mation histories), Figure 6 (incorporating dust reddening)
and Figure 7 (for composite two-component models).
Upon comparison of the results for objects 23 6714 &
31 2185 (SBM03#1 & #3 respectively) with those of our
previous analysis (Eyles et al. 2005), we find that the derived
stellar ages and masses are broadly consistent; variations
are primarily due to differences in the photometry used, as
discussed in Section 3.2.
4 ANALYSIS
4.1 Properties of IRAC-detected i′-drop Galaxies
– Balmer/4000 A˚ Breaks
The Balmer/4000 A˚ spectral break is sensitive to the
luminosity-weighted stellar age7 of a galaxy; the presence
of a substantial break indicates that the observed system
is being viewed some time after an epoch of substantial
7 That is, the average age of the stars in the galaxy with each
star’s contribution weighted by its luminosity.
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ID Model χ2 Age Total mass Stellar mass Current SFR SSFR
/Myr /M⊙ /M⊙ /M⊙ yr−1 /10−10 yr−1
31 2185 const. SFR 5.05 640 2.2× 1010 1.8× 1010 34 19
23 6714 τ = 500Myr 4.29 720 3.0× 1010 2.4× 1010 19 8.0
23 2897 τ = 1000Myr 0.73 640 7.1× 109 5.7× 109 7.9 14
25 85⋄ τ = 30Myr 0.82 180 2.4× 1010 2.0× 1010 1.9 0.99
32 4331 τ = 70Myr 0.15 260 1.6× 1010 1.3× 1010 6.3 4.7
24 3905 τ = 1000Myr 0.51 640 4.7× 109 3.8× 109 5.3 14
23 3398 τ = 100Myr 3.30 360 1.3× 1010 1.0× 1010 3.5 3.5
13 2604 τ = 100Myr 1.18 450 2.4× 1010 1.9× 1010 2.6 1.4
35 111 τ = 1000Myr 2.00 720 5.0× 109 4.0× 109 4.8 12
13 3880 inst. burst 0.03 11 4.2× 108 3.9× 108 0.0 0.0
weak sources const. SFR 0.5 57 5.4× 108 4.9× 108 9.5 193
⋄ The anomalously-faint IRAC channel 2 (4.5 µm) was excluded from the fit.
Table 3. Tabulated are the best-fit results from the SED fitting, for each of our IRAC-detected i′-drops, without consideration of the
effects of dust reddening. The “weak sources” are the objects which are individually undetected by IRAC; the derived average properties
come from the stacking analysis described in Section 4.2. The specific star formation rate (SSFR) is a measure of the fraction of the total
stellar mass currently being born as stars – see Section 4.6.
ID Model χ2 Age Total mass Stellar mass E(B − V ) Current SFR SSFR
/Myr /M⊙ /M⊙ /mag /M⊙ yr−1 /10−10 yr−1
31 2185 const. SFR 5.05 640 2.2× 1010 1.8× 1010 0.00 34 19
23 6714 τ = 500Myr 4.29 720 3.0× 1010 2.4× 1010 0.00 19 8.0
23 2897 inst. burst 0.40 8.7 1.8× 109 1.7× 109 0.16 0.0 0.0
25 85⋄ τ = 30Myr 0.82 180 2.4× 1010 2.0× 1010 0.00 1.9 0.99
32 4331 τ = 100Myr 0.12 320 2.0× 1010 1.6× 1010 0.01 8.6 5.2
24 3905 τ = 1000Myr 0.51 640 4.7× 109 3.8× 109 0.00 5.3 14
23 3398 τ = 100Myr 3.30 360 1.3× 1010 1.0× 1010 0.00 3.5 3.5
13 2604 τ = 100Myr 1.12 400 2.3× 1010 1.8× 1010 0.03 4.0 2.2
35 111 τ = 1000Myr 2.00 720 5.0× 109 4.0× 109 0.00 4.8 12
⋄ The anomalously-faint IRAC channel 2 (4.5 µm) was excluded from the fit.
Table 4. Presented in this table are the best-fit results from the SED modelling for each IRAC-detected i′-drop, including the effects
of dust reddening. The specific star formation rate (SSFR) is a measure of the fraction of the total stellar mass currently being born as
stars – see Section 4.6.
star formation. The Balmer break, at a rest wavelength of
3648 A˚, is most pronounced when the main-sequence turn-
off has reached the A-star population (after a few hundred
Myr), whilst the 4000 A˚ break is due to metal line blanket-
ting in late-type stars. Our SED fitting process is sensitive
to the Balmer/4000 A˚ break, which falls between the Ks and
IRAC-3.6µm filters at z ∼ 6. For our nine galaxies with sig-
nificant detections in the Spitzer/IRAC imaging, we present
the results of our population synthesis fitting to the SEDs
for a range of star formation histories in Tables 3, 4& 5. We
ignore those models which returned best-fit ages ≥ 1Gyr,
as these exceed the age of the Universe at z ∼ 6 and hence
are unphysical.
We find evidence for the presence of substantial
Balmer/4000 A˚ breaks in the SEDs of six of our galaxies
(31 2185, 23 6714, 25 85, 32 4331, 23 3398 & 13 2604), each
brightening, on average, by a factor of ∼ 2− 3 in flux den-
sity (fν) from the near-infrared (≈ 0.9− 2.2µm) to 3.6µm.
These break amplitudes are comparable to those observed
at z ≈ 0 in the Sloan Digital Sky Survey (SDSS; e.g., Kauff-
mann et al. 2003), and by Le Borgne et al. (2006) in z ∼ 1
massive post-starburst galaxies in the Gemini Deep Deep
Survey (GDDS). For our i′-drops it is known that there has
been at least some recent or ongoing star formation, due
to the fact that the i′-drop Lyman break technique relies
on a magnitude-limited selection in the z′-band, sampling
the rest-frame UV (see Section 4.5) which is dominated by
young, hot, massive stars. Additionally, for the two bright
sources SBM03#1&#3 which featured in our previous pa-
per (and which are re-analysed here), Keck/Gemini spectra
(Bunker et al. 2003; Stanway et al. 2004a) display Lyman-
α emission, caused by the photoionisation of hydrogen by
populations of short-lived OB stars. However, in order to
produce the observed Balmer/4000 A˚ break amplitudes in
the SEDs of these six i′-drops, it is likely that the bulk of
their stellar mass formed well before the current period of
star formation. If even a modest fraction of the mass is in-
volved in current star formation then it will tend to dilute
the break amplitude.
From the fitting of the B&C spectral synthesis models
to our photometric data, the inferred luminosity-weighted
ages of these six sources all lie in the range 180 − 720Myr,
suggesting formation redshifts in the range 7 ≤ zf ≤ 18.
Our SED modelling also shows that these i′-drops with
Balmer/4000 A˚ breaks have considerable stellar masses, in
the range 1−3×1010M⊙. We can draw comparison of these
inferred stellar masses to that of an L∗ galaxy today, by
taking L∗r = −21.21 from analysis of the SDSS by Blanton
et al. (2003). Using M/LV ≈ 5M⊙/L⊙ appropriate for a
≈ 10Gyr old population from the B&C models (Salpeter
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ID Model χ2 Age Total mass Stellar mass burst fraction Current SFR SSFR
/Myr /M⊙ /M⊙ /M⊙ yr−1 /10−10 yr−1
31 2185 3Myr burst 2.73 450 3.8× 1010 3.0× 1010 0.014 140 47
23 6714 3Myr burst 2.97 450 3.9× 1010 3.1× 1010 0.007 78 25
23 2897† 3Myr burst 0.73 40 2.5× 109 2.2× 109 0.000 0.0 0.0
25 85⋄ 10Myr burst 0.80 140 2.3× 1010 1.9× 1010 0.002 4.6 2.4
32 4331 3Myr burst 0.10 180 1.8× 1010 1.5× 1010 0.005 24 16
24 3905 3Myr burst 0.31 570 8.9× 109 6.9× 109 0.009 21 30
23 3398 3Myr burst 2.45 450 2.0× 1010 1.6× 1010 0.004 20 13
13 2604 30Myr burst 0.95 400 2.4× 1010 1.9× 1010 0.007 4.9 2.5
35 111 3Myr burst 1.81 400 6.9× 109 5.4× 109 0.010 18 34
⋄ The anomalously-faint IRAC channel 2 (4.5 µm) was excluded from the fit.
† This object was found to produce degenerate results, as each best fit model infers none of its stellar mass is involved in an ongoing
(current) starburst. Hence the two population SED model is non-applicable, and so for each burst duration, the same results are
produced.
Table 5. The results corresponding to the best-fit two population composite models of each IRAC-detected i′-drop. The burst fraction
denotes the fraction of the stellar mass that is involved in the current starburst occurring within each galaxy. The specific star formation
rate (SSFR) is a measure of the fraction of the total stellar mass currently being born as stars – see Section 4.6.
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Figure 4. The best-fit SED models (excluding dust reddening) to the photometric datapoints for the nine z ∼ 6 sources with IRAC
detections. Non-detections are represented by their 3σ upper limits. In the case of 25 85, the anomalously faint IRAC channel 2 (4.5µm)
magnitude has been excluded from the fit.
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Figure 5. SED fits for the IRAC-undetected z ∼ 6 sources; the 3.6µm upper limit is the best constraint on the maximum stellar mass,
so we force the fit to go through this. Non-detections are represented by their 3σ upper limits.
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Figure 6. The best-fit SED models, including the effects of dust reddening, to the photometric datapoints for our z ∼ 6 sources. Only
those with a non-zero best-fit extinction are shown – the others are identical to the plots in Figure 4. Non-detections are represented by
their 3σ upper limits.
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Figure 7. The best-fit two population composite models to the photometric datapoints for our i′-drops, showing the young ongoing
starburst (dashed line), an older component (dotted line) and the resulting total spectrum (solid line). Only those with non-zero current
starburst mass fractions are shown – that of 23 2897 is identical to the plot in Figure 4. Non-detections are represented by their 3 σ
upper limits. In the case of 25 85, the anomalously faint IRAC channel 2 (4.5µm) magnitude has been excluded from the fit.
IMF) we calculate the stellar mass of an L∗ galaxy today
to be M∗ = 1.2 × 1011M⊙, comparable to the estimate
of Cole et al. (2001). Hence we find that our six IRAC-
detected sources with Balmer/4000 A˚ breaks have best-fit
stellar masses ∼ 10 − 30% that of an L∗ galaxy observed
today.
Exploring the results from the two population compos-
ite modelling (Table 5), we find that for these objects, only
a small fraction (in the range 0.1% - 1.5%) of their stellar
mass is involved in the current star formation episode, in-
dicating that in these cases underlying older stellar popula-
tions dominate the mass. This may require previous epochs
of extremely intense star formation (see Section 4.6). As-
suming the sources for which SED fitting was conducted are
representative of the entire i′-drop population, our results
suggest that a significant fraction (∼ 40%) of the i′-drop
galaxies with z′AB < 27 contain old, established stellar pop-
ulations that formed at z > 6. Our results also suggest that
in the first Gyr after the Big Bang the number density of
massive galaxies containing evolved stellar populations is
in fact rather high, perhaps contrary to the expectations
of some hierarchical models of galaxy formation. For ex-
ample, the stellar mass function presented in Bower et al.
(2005) from the GALFORM model indicates a space den-
sity of 1.7 × 10−5Mpc−3 for galaxies at z = 6 with stellar
masses > 1.6 × 1010M⊙ (interpolating for z = 6 between
the space density values at z = 5.3 of 9.9 × 10−5 h3Mpc−3
and 2.22 × 10−6 h3Mpc−3 at z = 7.88, with h = 0.7 in our
adopted cosmology). This would suggest that in the volume
of the GOODS-South field there should theoretically be 3
galaxies with stellar masses > 1.6 × 1010M⊙, using an ef-
fective volume of 1.8× 105Mpc3 for i′-drops at z ≈ 6 (from
Stanway, Bunker & McMahon 2003, see also Section 4.5). In
our sub-sample of SED fits alone, we have 4 galaxies of this
stellar mass; scaling for the incompleteness due to confusion
and galaxies outside the GOODS-MUSIC photometric red-
shift catalog, we infer that there should be≈ 13 such massive
galaxies, a factor of 4 higher than the GALFORM model.
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Figure 8. The photometry of object 33 12465 overplotted on
the spectrum of T7 Dwarf Gl 229B. The peculiar magnitudes for
this source, measured in the J , Ks, 3.6µm & 4.5µm filters, may
well be explained by the presence of several substantial spectral
features, if it is indeed a T-dwarf object.
The recent Yan et al. (2006) paper compares the number
density of massive i′-drops to other ΛCDM simulations by
Night et al. (2006). These simulations predict a space den-
sity for galaxies with stellar masses > 1.6 × 1010M⊙ of
4 − 10 × 10−5Mpc−3 at z ≈ 6, a factor of 2 − 6 higher
space density than the models in Bower et al. (2005), and
broadly consistent with our measurements.
We have nine robust detections with IRAC of i′-drops,
and we have discussed the six that show probable Balmer
breaks. The remaining three sources with IRAC detections
(23 2897, 24 3905 and 35 111) are fainter and have incon-
clusive stellar population fits to the photometry, which are
compatible with a wide range of SEDs from flat spectra in
fν to a brightening across a spectral break by up to a factor
of 2− 3 in fν .
In order to assess the uncertainties on our mass values,
we use the method employed in Eyles et al. (2005) and also
adopted by Stark et al. (2006) for z ∼ 5 galaxies. For a par-
ticular SED model, we took the best-fit stellar mass, and
allowed it to vary over the range (0.1− 3)× Mstellar, recal-
culating a reduced χ2 for each variation in order to map the
confidence intervals for the masses and ages returned by our
fitting code. We find typical uncertainties in these properties
of each i′-drop to be ∼ 30− 50 percent, and so it is reason-
able to assume a 50 percent uncertainty in these values, and
subsequently in the stellar mass density (see Section 4.5).
Histograms of the best-fit stellar masses and ages
of these nine IRAC-detected objects are given in Fig-
ures 9& 10, respectively. In summary, we find that these
IRAC-detected i′-drops have ages between ≈ 9 − 720Myr;
several galaxies have ages a significant fraction of the age of
the Universe at the z ∼ 6 epoch (1 Gyr). Contained within
these i′-drops is a significant amount of stellar mass – adding
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Figure 9. The distribution of stellar masses for our nine IRAC-
detected i′-drops, for the best-fit SEDs without inclusion of dust
reddening (solid line). The masses of our four stacked undetected
objects and also 13 3880 are represented by the dashed line.
the best-fit masses we obtain a total of ≈ 1.4 × 1011M⊙
present in these nine objects. The majority of this stellar
mass is contained within older underlying stellar popula-
tions which, considering the inferred ages of six of these
i′-drops, must have formed during earlier vigorous star for-
mation episodes (z > 6).
4.2 Properties of IRAC-undetected i′-drops
The fitting of photometry to the B&C models returned un-
constrained SEDs the seven i′-drops which are not detected
at IRAC wavelengths (although some of these can be seen
in the IRAC images, they are fainter than the 3σ limit-
ing magnitudes). Hence we are unable to constrain their
properties to the level that is obtainable for IRAC-detected
objects. However, we can still draw some useful informa-
tion from their analysis. By considering the upper limits on
their (z′ − 3.6µm) colours, it is possible to estimate the
maximum possible Balmer/4000 A˚ break amplitudes that
may be present in their spectral energy distributions. In
five cases, we find that the 3.6µm 3σ limiting magnitude
is inconsistent with the presence of a Balmer/4000 A˚ spec-
tral break, as the corresponding 3.6µm limiting flux is ac-
tually less than that detected in the z′-band. For the re-
maining two IRAC-undetected objects, their 3.6µm non-
detections are consistent with flat spectral energy distribu-
tions, and the maximum break amplitudes are constrained
to be < 0.6magnitudes (AB).
The (z′ − 3.6µm) colours exhibited by these IRAC-
undetected objects in our sample are noticeably bluer than
most of the IRAC-detected sample, as depicted in Figure 14,
and this is not simply an effect of limiting magnitude; many
of the IRAC-detected sample are fainter in z′-band than the
IRAC-undetected sources. None of our galaxies fall into the
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Figure 10. A histogram depicting the distribution of galaxy ages
for our nine IRAC-detected i′-drops (solid line), when consider-
ing SEDs without consideration of reddening due to intrinsic dust.
The ages of our four stacked undetected objects and 13 3880 are
represented by the dashed line; this should be regarded as an up-
per limit on the stacked objects ages, as we have taken a constant
star formation rate (instantaneous burst and declining star for-
mation rate models yield younger ages). The vertical dotted line
marks the age of the Universe at z ∼ 6.
8.0 8.5 9.0 9.5 10.0 10.5 11.0
log10 stellar mass
7.0
7.5
8.0
8.5
9.0
lo
g 1
0 
ag
e
Figure 11. The distribution of stellar masses with ages, as in-
ferred by the SED fitting for our nine IRAC-detected sources
(circles), with 13 3880 (square) and our four stacked undetected
galaxies (triangle). The diagonal trend shown here is likely to be a
selection effect rather than a genuine correlation (see Section 4.5).
Figure 12. Stacking analysis of the four IRAC-undetected i′-
drops with the lowest contamination from neighbouring sources.
A composite detection is seen in channel 1 (left), and a more
marginal signal in channel 2 (right) at the 2.7σ level. The images
have been smoothed through convolution with a Gaussian of σ =
1pixel.
‘IRAC-selected Extremely Red Objects’ (IERO) colour cut
of (z′ − 3.6µm) > 3.25mag (Yan et al. 2004).
We have also stacked four non-detections that are not
badly confused (31 3127, 22 7650, 34 10623 & 33 7751 [two
epochs]) to improve the signal-to-noise (Figure 12) with out-
lier rejection to reduce the effect of contamination by neigh-
bouring sources. This resulted in a detection at 3.6µm at
26.5±0.3 mag, and a marginal ≈ 2.7σ detection at 4.5µm
of 27.1 mag. The average z′ magnitude of these objects was
26.33. This confirms the very blue (z′− 3.6µm) color of the
IRAC-weak population. Figure 13 shows the fit to this com-
posite SED. For solar metallicity, the best fit is a 57Myr
old continuous star formation model with a total mass of
5.4 × 108M⊙ and a stellar mass of 4.9 × 10
8M⊙ (reduced
χ2 = 0.5). For a metallicity of 0.2 solar the best fit is a
67Myr old continuous star formation model, also with a to-
tal mass of 5.4× 108M⊙ and a stellar mass of 4.9× 10
8M⊙
(reduced χ2 = 0.5). Hence at z ∼ 6, we suggest that whilst
a large proportion of i′-drop sources contain mature stellar
populations of considerable stellar mass, there is also a sig-
nificant fraction of young star-bursting galaxies which have
colours consistent with being ‘protogalaxies’ experiencing
their first throes of star formation.
4.3 Effects of Dust, Metallicity and IMF
To investigate the effects of differing metallicities on our
results, in addition to using solar (Z⊙) metallicity models,
we also considered a sub-solar model (0.2Z⊙). We find that
for both these metallicities, the ages and masses of our i′-
drops output by our fitting code are similar, with the sub-
solar models returning slightly smaller reduced χ2min values.
We wish to address whether or not these sources suffer
from significant dust reddening; our earlier two case studies
showed little or no evidence for the presence of any intrinsic
dust. However, the studies of a spectroscopically confirmed
lensed galaxy at z = 6.56 (Chary et al. 2005; Schaerer &
Pello 2005), and also of a z = 6.295 GRB host galaxy (Berger
et al. 2006) suggest that these objects suffer from measur-
able dust extinction (AV ≈ 1 mag). If z ∼ 6 objects are
generally found to be dusty, then their star formation rates,
and hence the global star formation density, will have been
underestimated. To investigate this, we re-ran our SED fit-
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Figure 13. The best-fitting continuous star formation rate mod-
els from B&C for the SEDs of the stack of i′-drops individually
undetected in IRAC. Top panel is solar metallicity (Z⊙), and the
bottom panel is 0.2Z⊙. Averages ages are 60Myr, and the stellar
masses are 5× 108M⊙.
ting routine whilst incorporating the Calzetti (1997) dust
reddening law, appropriate for starburst galaxies. For each
of the B&C spectral template age steps, we varied the red-
dening over the range E(B−V ) = 0.00− 1.00 mag, in steps
of 0.01 mag, and computed the reduced χ2 at each step. In-
specting the results presented in Table 4, we find little or
no evidence for intrinsic dust reddening in our selection of
i′-drop galaxies, over the wavelength range studied (out to
≈ 5µm), with object 23 2897 displaying the highest E(B-
V) value of 0.16, and several other sources having formal
best fits with no reddening. This supports a spectral break
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Figure 14. A colour-magnitude plot of the z′−m3.6 µm colours of
our 16 selected i′-drop galaxies versus their z′-band magnitudes.
The colours of the IRAC-visible subset of these galaxies appear
significantly redder than those of the IRAC-undetected sources
(plotted here as upper limits, represented by downward-pointing
arrows). Some objects are significantly redder, older and more
massive (IRAC-detected) than those that are undetected at IRAC
wavelengths (3 σ limiting magnitudes are shown as arrows).
interpretation for those objects which significantly brighten
in fν flux between ≈ 0.9 − 2.2µm to 3.6µm, rather than
the smoother increase in the continuum that would be pro-
duced by dust reddening, indicating the presence of older
stellar populations in these galaxies (see Section 4.1).
We were also able to use data at 5.8µm and
8.0µm to constrain the average reddening in our sample.
Cutouts of six brightest 3.6µm galaxies (all objects with
m3.6µm(AB) < 25mag, excluding the T-dwarf) were taken
from the IRAC images in all four channels. These images
in each channel were scaled by the ratio of each galaxy’s
3.6µm flux to that of the brightest object in the sample and
combined, with weighting by inverse-variance of the scaled
images. To remove confusion, the highest and lowest pixels in
the pixel stack were rejected. Aperture photometry was then
carried out on these combined images to obtain a composite
SED for the brighter IRAC detections. Larger apertures of
3.′′0 and 3.′′6 pixel diameter were used at 5.8µm and 8.0µm
to allow for the larger PSF (see Eyles et al. 2005 for details).
At 5.8µm a detection is present at ≈ 3σ, whilst at 8.0µm
we fail to detect the galaxies but are able to obtain a useful
limit. This composite SED allows us to rule out reddening
of E(B−V ) >∼ 0.1, assuming a solar metallicity and an SED
typical of our IRAC detections (see Figure 15). In fact, our
composite is somewhat bluer than the solar metallicity SEDs
at rest-frame wavelengths of 0.5-1.0 µm, and favours a low
metallicity (∼ 0.2 solar), though solar metallicity cannot be
ruled out on the basis of these data.
All of the results quoted in this work were produced
via the fitting of B&C spectral synthesis models to our pho-
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Figure 15. The composite IRAC SED points with a 30Myr con-
stant star formation rate model overplotted as a solid line. The
short-dashed line is the same model reddened by E(B−V ) = 0.1,
and the long-dashed line is the model but with a 0.2 solar metal-
licity.
tometry using a Salpeter (1955) power law IMF. To test the
effects of differing IMF models on the derived properties of
our i′-drops, for the limiting cases of an instantaneous (SSP)
burst model and that of a continuous SFR we also employed
a Chabrier (2003) IMF. We find that for a Chabrier IMF,
the returned ages of our objects were very similar, but that
the stellar masses were ≈ 30% less than those produced us-
ing a Salpeter IMF. We note, as in Eyles et al. (2005), that
the variations in the derived stellar masses primarily stem
from a mass re-scaling, arising from differing mass fractions
contained in low-mass long-lived stars. The inferred ages of
our sources do not significantly vary as this re-scaling is in-
dependent of the assumed SFH.
4.4 Line Contamination
It is possible that some of our photometric datapoints may
be contaminated due to the presence of strong spectral
lines. We cannot definitively remove any contribution by
such lines from the measured fluxes without spectroscopy
of these emission lines; the most prominent of these would
lie at λ > 3µm, where sufficiently deep spectroscopy is not
currently viable, but could be done with NIRSpec on the
James Webb Space Telescope (JWST). For the moment, we
use our estimates of the current star formation rates in each
individual z ∼ 6 galaxy to assess the possible impact of
line contamination on our measurement of the spectral en-
ergy distributions, and on the fitting of the stellar ages and
masses.
We consider first the effect of Lyman-α on the i′-band
and z′-band magnitudes. For three of the galaxies considered
here, we have detected Lyman-α emission in Keck/DEIMOS
and Gemini/GMOS spectroscopy. In the galaxies 23 6714,
31 2185 & 23 2897 at z ≈ 5.8 we measure rest-frame
equivalent widths of 30, 20 & 30 A˚ (Stanway et al. 2004a;
Bunker et al. 2003; Stanway et al. 2004b). This line emis-
sion would cause the i′- and z′-band photometry to appear
∼ 0.1 − 0.3mag brighter than for a pure-continuum source.
We note that at z ≈ 3, only 25% of Lyman-break galax-
ies have Lyman-α rest-frame equivalent widths of > 20 A˚
(Shapley et al. 2006).
We now consider the effect of Hα, which is redshifted
into IRAC channel 2 (λcent = 4.5µm) at z = 5 − 6.5, most
of the redshift range selected through the i′-drop technique.
We use the rest-frame UV flux density to derive the unob-
scured star formation rate, and then convert this to an Hα
line luminosity using the relations in Kennicutt (1998). We
then remove this line contribution to the IRAC channel 2
filter and recompute the magnitude. In all cases, the effect
was a dimming of 0.03 − 0.1mag (at most a 10% effect).
This is consistent with the range in Hα rest-frame equiva-
lent widths of ∼ 100 − 1000 A˚ at z ∼ 2 reported by Erb et
al. (2006). We also consider the effect of dust causing the
star formation rate to be underestimated from the rest-UV
by a factor of ∼ 3 relative to Hα (see Erb et al. 2005), which
would cause at most an overestimate of 0.3mag in the chan-
nel 2 photometry (comparable to the typical error on the
detection). We have re-run the stellar population fitting to
the ‘line-free’ SEDs, and get similar results (within the 1 σ
confidence intervals) for the stellar ages and stellar masses;
this is largely because our constraint on the break ampli-
tude comes mainly from the IRAC channel 1, which is much
less affected by line contamination that channel 2. For the
higher-redshift portion of our sample (z > 6), channel 1 may
be affected by [OIII] 5007/4959 A˚ and Hβ 4861 A˚, although
these are typically weaker than Hα in star-forming galax-
ies. We note that for most of our i′-drop sample, the IRAC
channel 1 flux density is slightly brighter than channel 2 (in
fν , see Table 2), which again argues against significant line
contamination, as the brighter line (Hα) is centrally located
in channel 2.
4.5 Stellar Mass Density
We have made measurements of the stellar masses and
luminosity-weighted ages for a number of probable z ∼ 6
galaxies in the GOODS-South field. In order to progress
from our previous individual case studies to a measurement
of the global stellar mass density at this epoch, consideration
of several selection effects is required, most notably: i) in-
completeness due to foreground confusion; ii) our apparent
magnitude limit; and iii) our pre-selection of star-forming
galaxies in the rest-frame UV through the i′-drop Lyman
break technique. Due to these, our sample of i′-drop galax-
ies will necessarily provide a lower limit on this stellar mass
density at z ≈ 6. Where possible, we attempt to correct for
these effects, as described below.
Our sample of 17 objects with clean Spitzer/IRAC pho-
tometry was taken from a list of 31 sources for which either
spectroscopic or reliable photometric redshifts were avail-
able, out of our full sample of 52 i′-drops (excluding two
probable EROs). We were able to infer the properties of
nine of these z ∼ 6 galaxies (IRAC-detected), whilst one
was found to exhibit peculiar colours (see Figure 8) and was
ignored as a likely low-mass T-dwarf object. The remain-
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ing seven IRAC-undetected objects are consistent with hav-
ing young ages and low stellar masses. As discussed in Sec-
tion 3.1, the remaining 14 of the 31 objects were discarded
due to the severity of confusion in the IRAC imaging; at-
tempts to remove the neighbouring sources using GALFIT
proved unsuccessful, and hence reliable photometry was un-
obtainable. However, inspection of the z′-band magnitudes
and also the (i′−z′) colours (Table 1) using small apertures
for the HST/ACS suggests that the Spitzer-confused galax-
ies, and the galaxies without GOODS-MUSIC photometric
redshifts, have the same distribution of z′-magnitudes and
colours as those 16 galaxies which were isolated or had neigh-
bouring sources successfully subtracted. Hence we are able
to compensate for the loss of these objects from our sam-
ple, by making the reasonable assumption that the stellar
mass distribution of the i′-drop population is independent of
IRAC contamination (i.e., we assume that the occurrence of
a foreground confusing source in the IRAC image is random
and not related to the intrinsic properties of the z ∼ 6 i′-
drop). Hence we can now correct for the stellar mass present
in those IRAC-confused sources and those without GOODS-
MUSIC photometric redshifts. Taking the sum of the best-fit
masses for our 16 i′-drops with clean photometry, we find a
total stellar mass of 1.4×1011M⊙ (most of this coming from
the nine IRAC-detected objects). Scaling this to account for
all 51 of our i′-drops in GOODS-South with z′AB < 26.9
(after removing two lower-redshift EROS and the T-dwarf
star), we find that the minimum total stellar mass contained
in these sources is approximately 4.5× 1011M⊙.
Another selection effect involved in our study is due
to the nature of the Lyman break technique. The i′-drop
method is reliant upon the detection of a source at rest-
frame UV wavelengths; for z ∼ 6 galaxies, in the HST/ACS
z′-band. As the majority of the flux in this wavelength re-
gion is due to hot, short-lived OB stars, all galaxies selected
via the i′-drop technique must have at least some ongo-
ing or very recent star formation (within ∼ 10Myr). Hence
dormant objects (pure post-starburst), experiencing no cur-
rent or recent star formation episodes will not be included
amongst the i′-drop population, and the stellar mass con-
tained within them will not be accounted for. The abun-
dance of such objects at z ∼ 6 is essentially unknown, and
highly uncertain even for redshifts 0 ≤ z ≤ 1; cluster surveys
suggest that post-starburst (‘E+A’) galaxies may comprise
as much as 20% of the total cluster population (e.g., Dressler
et al. 1999; Tran et al. 2003), although other estimates sug-
gest they are present in far fewer numbers, at ∼ 2% of the
total population at low redshift (Balogh et al. 1999). At
slightly higher redshifts, Doherty et al. (2005) find that a
significant fraction (> 30%) of the ‘Extremely Red Object’
population at z ∼ 1 exhibit post-starburst spectra. Hence it
is impossible to accurately account for these post-starburst
galaxies and their contribution to the global stellar mass
density and SFR. As a consequence our derived values in
this work are necessarily lower limits. This distribution of
stellar ages and masses is shown in Figure 11. Two selection
effects combine to restrict the objects in Figure 11 to near
the diagonal of the plot. Objects in the upper left, with low
stellar masses and high ages will be below our IRAC detec-
tion limits. Objects in the lower right of the plot, with high
stellar masses and high star formation rates would be very
bright in z′-band, and our survey volume is not large enough
to find such luminous objects.
A fraction of i′-drop galaxies are likely to be below our
selection threshold (z′AB < 26.9mag). We now attempt to
estimate the stellar mass contribution of those objects which
lie at the faint end of the UV luminosity function, below our
limit. The faintest z′-band magnitude of an object in our
selection of 16 i′-drop galaxies is z′AB = 26.9. This would
correspond to a luminosity limit of ∼ 0.3L∗, if L∗ is the
same for the Lyman-break galaxies at z ∼ 6 as for the well-
studied populations at z ∼ 3 − 4, where L∗
1500A˚
= −21.1
mag (AB), and SFR∗ = 15M⊙ yr
−1 (Steidel et al. 1999). If
in fact L∗ at z ≈ 6 is a factor of ∼ 2 fainter than at z ∼ 3
(as has been suggested by Bouwens et al. 2005) then our
limit corresponds to ∼ 0.6L∗. Assuming a faint end slope
with a steep α = −1.8 (Bunker et al. 2004), we integrate
the Schechter function, truncating it at 0.1L∗ (as in Steidel
et al. 1999), and consequently obtain a factor by which we
need to scale our measurement of the total stellar mass in
order to account for objects which lie below our luminosity
limit. We note that although our selection of objects reside
at different redshifts, for the sake of simplicity we assume a
fixed redshift (z = 6) so that only a single luminosity cut is
used (using an “effective volume” accounts for the effect of
different redshifts and hence luminosities for a fixed limiting
magnitude). From this, we estimate the scaling factor to be
≈ 1.8 − 3.2 (for the Steidel and Bouwens values of L∗UV ),
resulting in a possible total (corrected) stellar mass of 8 −
14 × 1011M⊙. The range of correction factors change only
slightly if the faint end slope appropriate for Lyman break
galaxies at z ∼ 3 − 4 is adopted (α = −1.6, Steidel et al.
1999) rather than α = −1.8 (the corrections are 1.6 − 2.6
compared to 1.8− 3.2, a 10− 20 per cent effect).
However, performing this kind of correction is fraught
with uncertainty. The rest-frame UV, as discussed previ-
ously, reflects the current star formation distribution. Yet
from our results, we find a range of star formation histories
for our 16 selected i′-drop sources, with some galaxies show-
ing evidence for significant older populations, and others
containing very young stellar populations. Therefore, cor-
recting the observed mass function of these objects for those
which are below our selection limit is likely to be highly in-
accurate, as the relation between the mass function and the
rest-UV luminosity function is non-trivial.
We now move to calculate the comoving stellar mass
density at z ∼ 6. We reiterate our value will be a lower limit,
as we can only consider those objects which satisfy our se-
lection criteria and detection capabilities. Taking a redshift
interval of 5.7 ≤ z ≤ 7.0, the effective comoving volume for
the GOODS-south field is 1.8 × 105Mpc3, as in Stanway,
Bunker & McMahon (2003), which takes into account the
luminosity bias against higher-redshift sources in our red-
shift selection window due to the apparent magnitude cut
in z′-band. Using our confusion-corrected total stellar mass
of 4.5× 1011M⊙, we find the lower limit to the z ∼ 6 stellar
mass density to be 2.5× 106M⊙Mpc
−3. This value may be
around 5 − 8 × 106M⊙Mpc
−3 if the correction factor for
sources on the faint-end slope of the luminosity function is
reasonable, and higher still when post-starburst and dust-
obscured galaxies are also taken into account. Our lower
limit value is consistent with the findings of Yan et al. (2006),
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Figure 16. The evolution of the stellar mass density. Our work
(star symbol) and that of Yan et al. (2006, circle) are both at
z ≈ 6, but are offset slightly in redshift for clarity.
who find a stellar mass density of ≈ 1.6× 106M⊙Mpc
−3 at
z ≈ 6. The lower limit we place on the stellar mass density
at z ∼ 6 is roughly 20% that measured by Stark et al. (2006)
at z ≃ 5, requiring the assembly of ≃ 5×106M⊙Mpc
−3 be-
tween z ≃ 6 and z ≃ 5. Assuming constant star formation
over this period, this corresponds to a star formation rate
density of 0.02M⊙Mpc
−3yr−1, a factor of four larger than
measured by Bunker et al. (2004) at z ≃ 6 in the UDF. The
shortfall could be explained by substantial star formation
below the sensitivity limits of Bunker et al. or an extreme
amount of dust extinction which obscures ongoing star for-
mation, which would support the suggestion by Stark et al.
(2006).
Galaxies at intermediate redshifts, such as in Dickin-
son et al. (2003) and Rudnick et al. (2003), have fairly reli-
ably placed constraints on the stellar mass already formed
at redshifts z ∼ 1 − 2 (see Figure 16). These studies imply
that roughly 50-75% of the stellar mass seen at the present
day formed by z ∼ 1, i.e. ∼ 3 × 108M⊙Mpc
−3 out of the
present day stellar mass of 5 × 108M⊙Mpc
−3 (such as in
Cole et al. 2001). This work, as well as that of Yan et al.
(2006) and Stark et al. (2006), extend these measurements
to z ∼ 5 − 6, and indicate that there may be more stellar
mass already assembled at these early epochs than expected
in some hierarchical scenarios (see Section 4.1). If excep-
tional objects such as Mobasher et al. (2005) are considered
real and possibly common – at a stellar mass density an-
other 10× greater than those discussed in here and in Yan
et al. (2006) – the shortfall of these model scenarios is even
greater. Different choices in the IMF slope and metallicity
may narrow the predicted versus observed stellar mass den-
sity. However, with the conservative lower limits expressed
here and in other studies, most corrections (such as redden-
ing, surface brightness effects, and limiting magnitude) tend
to actually increase the mass.
4.6 SFRs and Star Formation Histories
The fitting of the B&C spectral synthesis models to our
photometric data has allowed us to gain estimates of the
current SFRs for our selected i′-drop galaxies. For our six
sources which show evidence of significant Balmer/4000 A˚
breaks, we find the inferred SFRs span a substantial range,
≈ 2 − 140M⊙ yr
−1, involving between ≈ 0.1% − 1.5% of
their total stellar mass (derived from the two-population
composite model fits generally favoured for these objects).
In particular, 23 6714 & 31 2185 have, for their two pop-
ulation SED fits, inferred SFRs of ≈ 80 & 140M⊙ yr
−1.
23 6714 (SBM03#1) is the brightest confirmed i′-drop in
the UDF, with z′ = 25.35 mag, and 31 2185 (SBM03#3)
is the brightest i′-drop in the GOODS-South field, with
z′ = 24.61 mag; these two objects were the focus of our
previous study. Their estimated SFRs are by far the highest
of our six Balmer/4000 A˚ break z ∼ 6 sources; the fainter
four have inferred current SFRs between ≈ 2− 25M⊙ yr
−1.
The remaining three IRAC-detected objects have inferred
ongoing SFRs of ≈ 0 − 20M⊙ yr
−1. In fact, two of these
sources nominally have SFRs of 0M⊙ yr
−1 inferred by their
SEDs, as the preferred models for each of these are of young
systems being viewed shortly after a single starburst (i.e.
no current star formation, but rather very recent activity,
within 10Myr so the rest-UV continuum still persists).
In Eyles et al. (2005) we commented that SBM03#1 &
SBM03#3 may not be typical of the entire i′-drop popu-
lation; our analysis here suggests that in fact a substantial
proportion of i′-drops share similar masses and ages. How-
ever, they are significantly different from the subset of our
selected objects which are undetected at IRAC wavelengths,
and which appear to be much younger and less massive (see
Section 4.2). Hence these two objects are actually quite rep-
resentative of the older, more massive i′-drop population,
but in terms of current star formation rates, they do stand
out alone as the most currently active of i′-drop galaxies in
the GOODS-South field.
Consideration of the specific star formation rate (SSFR;
e.g., Brinchmann & Ellis 2000) is useful when investigat-
ing the SFRs of our z ∼ 6 galaxies. It is defined as spe-
cific SFR = SFR/Mstellar, and is a measure of the frac-
tion of the total stellar mass that is currently being born
as stars. The SSFR is similar in concept to the dimension-
less ‘b-parameter’ (e.g., Brinchmann et al. 2004), which is
the ratio of the current star formation rate to the past av-
erage. The specific SFRs calculated from the results of the
SED fitting are tabulated in Tables 3, 4& 5. For the best-fit
models to our IRAC-detected sources, we calculate values
of specific SFR = 1− 50 × 10−10 yr−1 (Figure 17), extend-
ing up to ≈ 200 × 10−10 yr−1 for the composite SED of
the IRAC-undetected galaxies. These are comparable to the
values inferred by Egami et al. (2005) for a z ∼ 7 lensed
galaxy (Kneib et al. 2004), and are also consistent with the
findings of Yan et al. (2006). These specific SFR values are
an indication of vigorous star formation occurring in these
nine IRAC-detected objects at the time of observation, and
these specific star formation rates are typically higher than
the lower-redshift results of Sajina et al. (2006) and Gil de
Paz et al. (2000). However, we find that in most cases, the
past-average SFR must be comparable, if not greater than
the current SFR. This is the reason why the star formation
histories that, for most of these objects, return the best-fit
results are decaying SFR models; the exponential (tau) mod-
els, and for the younger galaxies, the burst (SSP) models. If
this was not the case, then there would not have been enough
time, prior to the epoch of observation, for the stellar masses
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Figure 17. The specific SFR (the ratio of current star for-
mation rate to stellar mass) as a function of stellar mass for
the IRAC-detected i′-drops in our analysis (circles). IRAC-
undetected sources also included are 13 3880 (square), and the
four IRAC-undetected sources (triangle) with the average star
formation rate and mass for these galaxies derived from a stack-
ing analysis. The line denotes the average of the lower-redshift
work of Sajina et al. (2006), including the sample of Gil de Paz
et al. (2000).
of these objects to assemble, considering their inferred for-
mation redshifts. Assuming the limiting case of a constant
SFR, most of our nine IRAC-detected objects require past
average SFRs of the order of SFR≈ 50 − 60M⊙ yr
−1, with
some needing SFRs perhaps as high as ≈ 200M⊙ yr
−1. The
relative lack of z ∼ 7 candidate galaxies and the resultant
continuing low luminosity density seen by Bouwens et al.
(2004b) in the HST/NICMOS UDF suggests that reionisa-
tion may have been achieved by a considerably higher SFR
density at even earlier epochs (although see Bouwens et al.
2005), and our analysis here supports this.
Taking a different approach towards exploring the pre-
vious star formation rates of our i′-drop sample, rather than
assuming constant SFRs prior to observation, we take into
account the best-fit star formation histories of each of our
galaxies. Figure 18 is a composite plot of the best-fit SFH
(solid lines) for our nine IRAC-detected objects. The dashed
line represents represents the total SFR contribution due to
these objects, smoothed using a time interval of 100Myr,
from the time of formation (obtained from their inferred
ages) until the epoch of observation (i.e. the redshift at
which they now reside). The estimated star formation rate
densities extrapolated over each epoch shown in Figure 18
represent lower limits to the actual SFRD due to the popula-
tions of galaxies not accounted for in our z ∼ 6 galaxy selec-
tion (see Section 4.5). However, our results seem to suggest
that the star formation density increases at z > 7, relative
to our measured value at z ∼ 6.
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Figure 18. The best-fit star formation histories of individual
i′-drops in our sample, assuming an exponentially-decaying star
formation rate and no dust obscuration (solid lines). The dot-
ted line is the sum of these star formation histories to give the
global average star formation rate density (right axis, after correc-
tion for IRAC-confused sources and i′-drops in our sample with-
out GOODS-MUSIC photometric redshifts, but not corrected for
galaxies below our magnitude limit of z′AB < 26.9); the dashed
line is this star formation rate density smoothed on a timescale of
100Myr. The triangle is the star formation rate density at z ≈ 6
from the rest-frame UV light of i′-drops in the Hubble Ultra Deep
Field with z′AB < 28.5 (Bunker et al. 2004).
4.7 Implications for Reionisation
From SED fitting to HST and Spitzer photometry, we have
determined the best-fit preceding star formation histories of
individual i′-drop galaxies observed at z ∼ 6. In Section 4.6
we summed these to recover the star formation rate at z > 6,
necessarily a lower limit on this quantity as our galaxy cen-
sus in incomplete (magnitude-limited on the rest-frame UV).
However, our results do suggest a vigorous phase of star for-
mation activity, prior to z ∼ 6. If the resultant ionizing
photons are able reach the IGM (i.e. if the escape fraction
is high) then this star formation may have played a key role
in the reionisation of the Universe.
Madau, Haardt & Rees (1999) estimate the density of
star formation required for reionisation, and we use their
equation 27 (updated for a more recent concordance cos-
mology estimate of the baryon density from Spergel et al.
2003 of Ωb = 0.0224 h
−2
100 = 0.0457 h
−2
70 ):
ρ˙SFR ≈
0.026M⊙ yr
−1Mpc−3
fesc
(
1 + z
7
)3 (Ωb h270
0.0457
)2 (
C
30
)
(1)
This relation is based on the same Salpeter Initial Mass
Function as we have used throughout. C is the concentration
factor of neutral hydrogen, C =
〈
ρ2HI
〉
〈ρHI〉
−2. Simulations
suggest C ≈ 30 (Gnedin & Ostriker 1997). The escape frac-
tion of ionizing photons (fesc) for high-redshift galaxies is
highly uncertain (e.g., Steidel, Pettini & Adelberger 2001),
but we consider here the limiting case of a high escape frac-
tion fesc = 1 (i.e., no absorption by H I/dust).
It has recently been suggested by Stiavelli, Fall & Pana-
gia (2004) that this star formation rate density requirement
for reionisation could be relaxed by a factor of ∼ 2 at z ∼ 6
since the IGM temperature will be higher (perhaps 20,000 K
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rather than the 10,000 K assumed in Madau, Haardt & Rees
1999). Figure 19 shows this star formation rate requirement
for reionisation (solid curve, for a 20,000 K IGM) overplot-
ted with the star formation rate at z > 6 inferred from
the population synthesis fits to the i′-drops and corrected
for incompleteness (confused galaxies and those below our
magnitude limit; see Section 4.6). This past star formation
rate should still be regarded as a lower limit, as dormant
post-starburst galaxies are not found by the Lyman break
technique. The incompleteness is likely to be larger at higher
redshifts (earlier times) since by a redshift of 6 the light from
these fading populations will be swamped by any more re-
cent star formation activity in these galaxies.
What is apparent from Figure 19 is that our inferred
lower limit on the past star formation activity at 7 < z < 8
is sufficient to achieve reionisation, provided that the es-
cape fraction is high. The star formation history at higher
redshift is more poorly constrained, and could easily be suf-
ficient given our incomplete census of galaxies (at z ∼ 10
our lower limit is only a factor of ∼ 3 below the reionisation
requirement). This interpretation may be consistent with
the CMB temperature-polarisation correlation measurement
from WMAP (Spergel et al. 2006) which indicates the Uni-
verse was 50% reionized at zr = 9.3
+2.8
−2.0. However, we em-
phasize that the above assumes that the UV ionizing pho-
tons escape galaxies; if star formation is dust obscured even
at these high redshifts, or if the galaxy HI is optically thick
to these photons, then our inferred past star formation may
be insufficient to provide the necessary ionizing background.
Yan et al. (2006) point out that if the escape fraction is
lower, fesc ≈ 0.1, then the previous star formation inferred
from Spitzer studies of i′-drops may only be able to sustain
reionisation for short periods.
5 CONCLUSIONS
We have used multi-waveband imaging of the GOODS-
South field (HST/ACS, VLT/ISAAC & Spitzer/IRAC) to
measure the stellar mass density of the z ∼ 6 i′-drop galaxy
population. From an original catalog of 52 i′-drop candi-
dates, we concentrated on 31 objects for which either spec-
troscopic or robust photometric redshifts from GOODS-
MUSIC were available. A further 14 of these were eliminated
from our analysis due to IRAC-confusion with neighbour-
ing sources, which could not be satisfactorily removed. One
further source, singled out as having peculiar photometry,
had its SED matched very well to the spectra of a T-dwarf
object – an interloper in our sample. Fitting of SEDs to
B&C spectral synthesis models was conducted on the re-
maining 16 z ∼ 6 galaxies, and properties including ages,
stellar masses and star formation histories were constrained.
Of these, nine were detected at IRAC wavelengths, and six
of these showed evidence for significant Balmer/4000 A˚ spec-
tral breaks, brightening across the break by up to a factor
of 2−3 in fν . These indicate the presence of old stellar pop-
ulations that dominate the stellar masses of these galaxies,
with inferred ages of ∼ 200 − 700Myr, and stellar masses
of ∼ 1.0 − 3.0 × 1010M⊙. During the SED modelling pro-
cess, we considered the possibility of intrinsic dust redden-
ing, and also the effects of differing metallicities and IMF
models. We do not find evidence of substantial dust redden-
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Figure 19. The solid curve shows the condition for reionisation
from star formation, as a function of time (bottom axis) and
redshift (top axis), assuming an escape fraction of unity for the
Lyman continuum photons (from Madau, Haardt & Rees 1999,
updated for the effects of a warmer IGM temperature by Stiavelli,
Fall & Panagia 2004). The dotted curve is the sum of the past
star formation rates for our i′-drop sample (left axis, with the
corresponding star formation rate density shown on the right axis,
corrected for incompleteness including a factor of 3.2 for galaxies
below our flux threshold, Section 4.5). The dashed curve is this
star formation history smoothed on a timescale of 100Myr. The
triangle is the estimate of the unobscured (rest-frame UV) star
formation rate density at z ≈ 6 from i′-drops in the HUDF from
Bunker et al. (2004).
ing in our i′-drop galaxies, and using differing metallicities
did not have any significant effect on our derived properties.
Use of a Chabrier, rather than Salpeter IMF had little effect
on our inferred galaxy ages, but did reduce our stellar mass
values by ≈ 30% due to a mass re-scaling. The results of the
SED fitting of the three other fainter IRAC-detected sources
were inconclusive. For the seven objects undetected in the
IRAC wavebands, their SED fitting inferred much younger,
less massive systems than their detected counterparts.
Using the constrained properties of our i′-drop sam-
ple, we were able to calculate a value for the z ∼ 6 stellar
mass density of 2.5×106M⊙Mpc
−3, correcting for those ob-
jects eliminated from our analysis due to their un-treatable
IRAC-confusion and those lacking GOODS-MUSIC photo-
metric redshifts. Using a somewhat uncertain correction in
order to account for the stellar mass in objects below our z′-
band magnitude selection limit, this value could perhaps be
5−8×106M⊙Mpc
−3. Any post-starburst and dust-obscured
z ∼ 6 sources would not be found using the i′-drop selection
technique, and hence our z ∼ 6 stellar mass density value is
necessarily a lower limit, and is consistent with the estimates
of Yan et al. (2006).
Exploring the previous star formation histories of our
i′-drops, as inferred from their SED fitting, we suggest that
the global star formation of these sources may have been
substantially higher prior to the epoch of observation, and
the resultant UV flux at z > 7 may have played an important
role in reionizing the Universe.
c© 0000 RAS, MNRAS 000, 000–000
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